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ABSTRACT 
The aim of this research work is to investigate the mechanical properties of corrugated-core 
sandwich structures under quasi-static and dynamic loading conditions and to determine the 
failure mechanisms and energy-absorbing characteristics of the corrugated-cores with 
different cell wall thickness and filled with a foam core. 
Triangular corrugation structures were made from an aluminium alloy (AL), a glass fibre 
reinforced plastic (GFRP) and a carbon fibre reinforced plastic (CFRP). The composite 
corrugations were fabricated using a hot press moulding technique and then adhesively 
bonded to skins based on the same material, to produce a range of lightweight sandwich 
structures. The role of the number of unit cells, the thickness of the cell walls and the width 
in determining the mechanical behaviour of the structures was investigated. Buckling of the 
struts was identified as the initial failure mode in these corrugated systems. Continued 
loading resulted in plastic deformation in the aluminium system, in contrast, fibre fracture, 
matrix cracking and localised delamination in the composite systems, as well as debonding 
between the skins and the core were observed in the composites. The compression strength 
and modulus were shown to be dependent on the number of unit cells and the cell wall 
thickness, but independent of specimen width. Subsequent mechanical testing was 
undertaken using an Arcan rig capable of generating a range of loading conditions between 
pure shear and pure compression. The failure strength in the aluminium system was 
accurately represented using a two dimensional quadratic failure criterion. In contrast, due to 
the initation of delamination within the composite struts, the composite corrugated-cores 
were accurately predicted using a modified failure criterion.  
Low velocity compression loading was subsequently performed on the sandwich structures, 
where the dynamic strength enhancement factor was shown to increase for all the 
corrugation systems. This was attributed to both a material strain-rate sensitivity and inertial 
stabilisation effects. The failure mechanisms in the sandwich structures were found to be 
similar under both quasi-static and dynamic loading conditions, where damage initiated due 
to buckling of the struts. To simulate the mechanical response of the corrugation systems, 
FE models have been developed using the Abaqus finite element package. The FE results 
were compared to measured responses, and good agreement was achieved. The failure 
modes predicted by the FE models show reasonably good agreement with the experimental 
observations.  
Finally, foam filling the composite corrugation systems significantly improved the specific 
strength as well as specific energy-absorbing characteristics of the structures. The 
compression properties of the corrugated structures have been compared to those of other 
core materials, where the evidence suggests that these systems compare favourably with 
other cellular core materials. 
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1.1 Overview  
The development and use of materials for structural and other design purposes is 
changing rapidly. One of the most important aspects in structural studies is 
minimising the weight without sacrificing the strength of a structure. Therefore, this 
engineering challenge has led a number of researchers to design and manufacture 
lightweight structures that can offer a higher strength and absorb more energy under 
various loading conditions. 
 
One of the ways to achieve weight savings is by replacing metals with composites. A 
composite is a material having two or more distinct constituents or phases, whereby 
both constituents are present in reasonable proportions, each having different 
properties, resulting in altogether different properties for the composite material 
produced. The constituent that is present in a continuous form and often but not 
always present in the greater quantity is termed the ‘matrix’, such as polymeric 
materials. In general, polymers are known to have a poor strength and a low Young’s 
modulus. The second constituent is termed as the reinforcing phase or the 
‘reinforcement’, with the purpose of enhancing or reinforcing the mechanical 
properties of the matrix, such as the carbon fibre. In general, the reinforcement is 
stronger and stiffer than the matrix. Recently, composites have been widely used 
either in monolithic form or in a sandwich structure.  
 
For more than a half-century, there has been a growing increase in the use of 
composites and sandwich structures in a wide range of applications. These 
applications include structures in the automotive, aerospace, naval and construction 
industries. For example, the largest airliner in the sky, the Airbus A380, is an 
excellent example of the evolution and the use of the composite materials [1]. In 
Figure 1.1, the distribution of composite materials in the A380, is shown. The 
increased use of carbon fibre reinforced plastic (CFRP) laminates has resulted in a 
drastic weight reduction in the A380. The major material improvements in the A380 
are a CFRP composite centre wing box, which is a first in commercial aviation. 
CFRP has also replaced aluminium in the lateral panels and the secondary rib. 
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Figure 1.1: (a)  An Airbus A380 airliner [2], and (b) distribution of composite 
materials and locations on the A380 [1]. 
 
A sandwich structure typically consists of two thin but stiff skins, made from a fully 
dense material, and separated by a thick and light core. The result of this 
construction is a structure with a high bending stiffness and strength with a low 
overall density. In fact, the bending stiffness and strength of a sandwich structure are 
always superior to that of a monolithic structure made from the same material and 
having the same weight.  
 
The skin materials are one of the important components in sandwich structures. It 
can be divided into fibre reinforced composites and non-composites (metals, woods). 
For the non-composites, the most common skin material is an aluminium sheet 
metal. Its applications include refrigerated transportation containers and construction 
Carbon Fibre Reinforced Plastic (CFRP) 
Glass Fibre Reinforced Plastic (GFRP) 
Quartz Fibre Reinforced Plastic (QFRP) 
Glass Fibre Aluminium Laminate (GLARE) 
(b) 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
http://www.malaysiaairlines.com/my/en/mh-experience/our-fleet/airbus-a380-800.html  
(a) 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
Federal Aviation Administration. Aircraft Rescue and Firefighting Strategies and Tactical 
Considerations for New Large Aircraft.  A Technical Report from William J. Hughes 
Technical Center, New Jersey: Aviation Research Division; 2013. p. 82. 
 
http://www.airporttech.tc.faa.gov/safety/downloads/tc-13-12.pdf  
(b) 
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panels. Most fibre reinforced composites are employed as the skins in a sandwich 
structure. The most common fibres include glass fibre, carbon fibre and aramid. The 
composite skin may compose of different architectures, such as chopped strand mat 
(CSM), unidirectional (UD) and woven roving (WR). UD skin has a high strength in 
one direction (fibre direction only), whereas a WR skin has moderate a strength in 
two-perpendicular directions. In general, composites skins have an excellent 
strength, stiffness, corrosion resistance, thermal properties and are lightweight in 
nature. However, composites are still more expensive than sheet metals and 
sometimes require complex manufacturing processes. 
 
The second important component in a sandwich structures is the core material.  The 
core in a sandwich structure may be of the various types cellular material, such as 
honeycomb, foam or wood. The most common foams are made from polymers. In 
general, polymeric foams are good as energy absorption devices and heat insulators. 
Unfortunately, polymeric foams offer a highly irregular cell structure, mostly closed 
channels and are very conservative. Sandwich structures with closed channel cellular 
materials may retain air and humidity. Humidity retention is one of the problems in 
aircraft sandwich construction. This problem may lead to an increase in the overall 
weight of the sandwich structure and degrading of the core properties. To overcome 
problems, Airbus [3] has developed the sandwich fuselage concept, called the 
Ventable Shear Core (VeSCo). Figure 1.2 shows schematically the VeSCo concept. 
This VeSCo concept provides a maximum weight saving, while still offering 
attractive protection against impact and noise. The outer skin provides the 
aerodynamic surface, while in between the two skins, an open channel core material 
is ventable in order to avoid moisture accumulation.  
 
As mentioned before, traditional core materials such as polymeric foams and 
honeycomb cores exhibit poor air flow exchange, and therefore, a new core design 
that has a good strength-to-weight ratio in compression as well as shear loads, and an 
open channel will increase mechanical performance avoiding problems associated 
with humidity retention.  
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Figure 1.2: VeSCo concept [3]. 
 
 
1.2 Application of Corrugated-core Sandwich Structures 
The following sections outline some of the potential applications for corrugated-core 
sandwich structures. 
 
1.2.1 Packaging Applications 
In the packaging industry, the corrugated box was initially used for packaging glass 
and pottery containers.  This corrugated box is a paper-based material, consisting of 
a flute (core) corrugated sheet and one or two flat linerboards. The first corrugated 
paper design was patented in England in 1856 [4]. Today, packaging engineers 
design and develop corrugated boxes (shipping containers) to satisfy the particular 
needs of the product being shipped and the hazards of the shipping surroundings, i.e. 
shock, compression, moisture, vibration. 
 
1.2.2 Marine Applications 
Laser Beam Welded Corrugated Core (LASCOR) metallic sandwich panels are 
designed to reduce the weight of a ship’s deck, bulkheads and hatches without 
sacrificing strength and durability. Figure 1.3 shows the LASCOR sandwich panel. It 
is expected that the LASCOR panels will result in a weight reduction of between 
15% and 30% over conventionally fabricated structures.  For example, the LASCOR 
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This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
Herrmann AS, Zahlen PC, Zuardy I. Sandwich structures technology in commercial 
aviation.  Sandwich structures 7: Advancing with Sandwich Structures and Materials: 
Springer; 2005. p. 13-26. 
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panel was used for the radar platforms on the US Navy ship (USS Mount Whitney) 
since 1994, data is being collected on that assembly, for future work to replace 
conventional structures in other applications for both surface ships and submarines 
[5]. 
 
 
Figure 1.3: LASCO metallic sandwich panel [5]. 
 
1.2.3 Transport Applications 
In high-speed railway lines, noise pollution concerns mean that increasing the speed 
of a train is becoming difficult. A bullet train, Shinkansen 700 series reduced noise 
inside the car body structure (see Figure 1.4) by using a low-noise and low-vibration 
superstructure [6]. The transmission of noise and vibration through the roof and sides 
is reduced because the space inside the superstructure (aluminium double-skin 
corrugated-core) has been filled with a foamed vibration isolator. In addition, the use 
of the double-skin corrugated-core increases the strength-to-weight ratio, and 
reduces the number of parts and weld lengths, since this superstructure is made via 
an extrusion process. 
 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
Foutch M. Submarine Force Technology: Building a better way of life for the future.  
Undersea Warfare Magazine, vol. 87: U.S. Submarine Force; 2004. 
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Figure 1.4: Car body structure of the Shinkansen 700 series. Double-skin corrugated-
core has been adopted for the roof and the side structure of the train [6].  
 
1.2.4 Aerospace Applications 
In morphing applications, where large shape changes are expected, the design of a 
suitable application is a huge challenge and a key issue. In general, the wing 
structures are required to be stiff in order to withstand aerodynamic pressure loads, 
while being flexible for the underlying morphing wings.  Corrugated composites 
have a great potential to replace the conventional wing. This is due to that corrugated 
composites have an anisotropic characteristic that shows stiffness in the fibre 
direction and flexibility in the transverse direction [7]. 
 
 
1.3 Motivation of the Research Work 
The manufacture of strong and stiff cellular materials requires the correct selection 
of materials and topologies as shown in Figure 1.5. An appropriate combination can 
delay the onset of failure modes such as yielding or plastic buckling in metals, and 
delamination or fibre fracture in fibre reinforced composites. Since the majority of 
studies in the field of sandwich structures are on polymeric and honeycomb core 
materials, there is very little information in the open literature on corrugated-cores. 
Therefore, this research work aims to undertake an experimental, analytical and 
finite element investigation on corrugated-core sandwich structures subjected quasi-
static and dynamic compression loading, with particular attention focused on 
triangular corrugation geometry.   
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Figure 1.5: A material property chart comparing the compression strength as a 
function of density, with various engineering materials and core designs [8].  
 
 
1.4 Project Aim and Objectives 
The principal aim of this research work is to investigate the mechanical properties of 
corrugated-core sandwich structures. The research focuses on metal (aluminium) and 
composites (glass fibre reinforced plastic and carbon fibre reinforced plastic) 
structures. Polyurethane foam will be used to reinforce the empty space within the 
corrugation core. 
 
The project objectives are: 
i) To design and manufacture triangular corrugations and sandwich structures. 
ii) To investigate the mechanical performance of corrugated-core sandwich 
structures subjected to static compression, bi-axial loading, and dynamic 
compression loading. 
iii) To characterise the failure mechanisms in corrugated-core sandwich 
structures subjected to different loading conditions.   
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
Wadley Research Group  
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iv) To model the mechanical response of corrugated-core sandwich structures 
using finite element techniques. 
v) To study the effect of varying geometrical parameters (unit cell, thickness, 
width) and the properties of foam-filled structures. 
vi) To propose suitable failure criteria to predict the failure strength of 
corrugations under combined compression-shear loading.  
 
 
1.5 Thesis Outline 
This thesis consists of a further six chapters as follows: 
 
Chapter II: Literature Review; this chapter gives an overview of the design and 
manufacture of sandwich cores and the mechanical behaviour of sandwich cores 
under quasi-static and dynamic loading. 
 
Chapter III: Experimental Procedure; this chapter describes the design and 
experimental procedure in this study, consists of specimen preparation, experimental 
testing (tensile test, compression test, Arcan test, low velocity impact test), and 
finally, failure and damage characterisation.  
 
Chapter IV: Experimental Results; this chapter presents and discusses the 
experimental results and the failure mechanisms of the structures. The fundamental 
theories to support each of the experiments are given. 
 
Chapter V: Finite Element Modelling; this chapter presents the finite element 
modelling and numerical predictions of corrugated-core sandwich structures and 
foam core, and compares the predicted values with experimental results. 
 
Chapter VI: Discussion; this chapter discusses the effect of varying geometrical 
parameters, construction of failure envelopes, damage characterisation, and 
compares the novel corrugated-core sandwich structures with  existing cores. 
 
Chapter VII: Conclusions; this chapter summarises the overall findings and 
discussions alongside recommendations for future work. 
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2.1 Introduction 
This chapter presents a review of relevant past and current research work on 
corrugated-core sandwich structures subjected to quasi-static and dynamic events, 
focusing on low velocity impact. A brief overview of the design and manufacture of 
sandwich cores is given. Other important aspects included in this review are 
sandwich cores under quasi-static and dynamic loading, and the influence of 
geometrical parameters on the behaviour of the cores. In addition, relevant studies on 
corrugated-core sandwich structures are discussed, with examples of published 
experimental and numerical works.  
 
2.2 Design and Manufacture of Sandwich Cores  
A range of sandwich cores have been produced with the objective of developing a 
lightweight structure, which is both strong and stiff. From balsa wood of the 
‘mosquito aircraft’ to polymeric foams and honeycomb cores, and recently more 
researchers are investigating ideal lightweight cellular core candidates for sandwich 
structures. Ashby [1] reported that the mechanical properties of sandwich core 
materials are governed by three factors; the topology of the cellular materials, the 
properties of the parent material and the relative density, ρ* defined by the volume 
fraction of solid material.  
 
Several different cellular core topologies have been developed, with the aim to 
maximise the strength and minimise the density. Cellular materials can be classified 
as those with stochastic cells and periodic cells. These topologies are shown in 
Figure 2.1. Foam, with either open or closed-cells, have a random microstructure, 
falling in stochastic category [2]. On the contrary, periodic structures are constructed 
from a precise unit cell, which is repeated in an array, can either two-dimensional 
open channel or three-dimensional truss or textile based assemblies [3].  
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Figure 2.1: Classification of cellular materials. Cellular materials are divided into 
stochastic and periodic microstructures [3].  
 
2.2.1 Cellular Foams 
Different techniques are used for foaming diverse types of cellular foams, i.e. 
polymeric and metal foams. In manufacture polymeric foams, polymers are foamed 
by introducing gas bubbles into a liquid monomer or a hot polymer, allowing the 
bubbles to grow and stabilise, and then solidifying by cross-linking or cooling [4]. 
Meanwhile, metal foams are cellular structures consisting of a solid metal, and are 
frequently made from aluminium filled with gas pores [5]. In polymeric and metal 
foams, the pores can be either sealed (closed-cell, see Figure 2.2(a)) or have an 
interconnected network (open-cell, see Figure 2.2(b)).  
 
The fabrication process and characteristics of polymeric foams are now established 
in industry and well documented in many research papers and books [1, 2, 6-10].  
The defining characteristic of metal foams is their permeability; typically 75-90% of 
the volume consists of voids. The mechanical properties and manufacturing 
processes of metal foams have been extensively studied and are well documented in 
[5, 11, 12]. In general, polymeric foams have a lower density than metal foams. 
However, both foam materials are similar in sustaining large compressive strains and 
this makes them attractive for energy-absorbing applications.  
 
This text box is where the unabridged thesis included the following third party copyrighted 
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Figure 2.2: Examples of (a) Polyurethane foam with a closed-cell core [13] and (b) 
Aluminium metal foam with an open-cell core [14]. 
 
2.2.2 Two-dimensional Periodic Cores 
Two-dimensional periodic cores can be divided into two categories: honeycomb and 
prismatic cores. Honeycombs are composed of plates or sheets that form the edge of 
unit cell. These can be arranged perpendicular to the face sheet to create a hexagonal 
structure. Other than the hexagonal shape, triangular, square or circular shapes can 
be used as honeycomb geometries.  In contrast, prismatic cores are honeycombs, 
which are rotated 90o about their horizontal axis. This forms a structure with open 
channels in one direction and a closed-cell structure in the second orthogonal 
direction. These periodic channels can offer a better cross-flow air/heat exchanger. 
 
There are many innovative ways to manufacture a honeycombs core. Bratfisch et al. 
[15] invented and patented a thermoplastic folded honeycomb core from one single 
thermoplastic sheet using successive in-line operations. Square honeycomb and 
diamond cores can be assembled by cutting and slotting sheets as shown in Figure 
2.3. For example, Zok et al. [16] used stainless steel, then brazed  the core and the 
face sheets to make a sandwich panel. Later, Russell et al. [17] adopted the slotting 
technique for different material, i.e. woven carbon/epoxy composite. The slotted 
rectangles are assembled into a square honeycomb configuration and adhesively-
bonded using a low viscosity epoxy resin. 
(a) (b) 
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included the following third party 
copyrighted material:  
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http://dx.doi.org/10.1016/S0921-
5093(02)00360-X  
 
(b) 
Chapter II                                                                                           Literature Review 
 
15 
 
 
Figure 2.3: (a) Sketch of method of square-honeycomb core assembly [16] and (b) 
photograph of composite square-honeycomb core [17].  
 
In fabricating a metal corrugation, a sheet metal is bent in a continuous folding 
process [18] to the desired geometry i.e. a triangular or a navtruss structure. This 
technique is generally limited to metal systems since metallic materials have a good 
ductility performance. For composite materials, the compression moulding process is 
an alternative way to manufacture a corrugation geometry (see Figure 2.4). Here, the 
prepreg is placed between male and female moulds and then heated according to the 
recommended processing time [19, 20].  
  
Figure 2.4: (a) Manufacturing route for composite trapezium-core and (b) 70o 
inclined angle of carbon fibre corrugation [19]. 
 
2.2.3 Three-dimensional Periodic Cores 
Truss and textile-based lattice materials are in same group of three-dimensional 
periodic cores. Trusses are composed of a network of interconnecting struts, which 
meet at nodes. Here, the word truss (sometimes referred to as a strut) refers to a 
rigidly-joined member, as opposed to a pin-jointed member, which is used in 
(a) 
(a) (b) 
Prepreg 
Aluminium mould 
(a) 
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included the following third party copyrighted 
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Structural performance of metallic 
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structural mechanics. In 2000, tetrahedral and Kagome lattices were fabricated by 
investment casting [21]. However, due to limitations of the process, it requires a 
molten metal with a high fluidity, a continuous process was proposed by involving 
perforating and folding a plain metal sheet. Figure 2.5 shows the folding process for 
a pyramidal lattice core. 
 
Figure 2.5: Manufacturing route for truss core [22]. 
 
In contrast, a textile lattice is an open cell structure, which consists of plain woven 
metal wires that are bonded to each other. Queheillalt and Wadley [23] manufactured 
a lattice by brazing an array of stainless steel tubes. They found that the strength of a 
truss core can be significantly increased at low relative densities, if the solid struts 
are replaced by hollow tubes. In latest development of lattice design, a Selective 
Laser Melting (SLM) technique was used by Smith et al. [24] and Gümrük et al. [25] 
to manufacture periodic metallic lattice structures. Figure 2.6 shows an array of 
stainless steel micro-lattice blocks manufactured using SLM technology. 
 
 
Figure 2.6: (a) A set of micro-lattice blocks and (b) the definition of lattice block for  
body centred cubic (BCC) [25].  
(a) (b) 
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Further research interests in there-dimensional periodic core geometries relate to 
egg-box and folded cores. Zupan et al. [26] fabricated an aluminium egg-box panel 
by cold pressing in a lubricated closed die. Deshpande and Fleck  [27] reported that 
egg-box structures have similar energy-absorption characteristics to that of 
hexagonal honeycomb and superior to that of metal foams. Later, Chung et al. [28] 
investigated the deformation and energy-absorption characteristics of composite egg-
box panels. The egg-box panels were fabricated from fabric prepreg sheets draped 
onto the lower mould, the upper mould was then closed, and breather and nylon 
films were wrapped to form a vacuum bag. Finally, the panels were cured in an 
autoclave. Figure 2.7 shows the egg-box panels made from metallic and composite 
materials. 
 
 
Figure 2.7: Egg-box core structures: (a) metal [26] and (b) composite  [28]. 
 
In 2007, Movchan [29] proposed a folded core made from Nomex® aramid paper, 
and the design was called as M-crimp type. Based on experimental data, the author 
found that the failure energy of a panel with such cores is greater than that for a 
honeycomb core. Recently, this novel folded core has been further developed and 
investigated by Heimbs et al. [30-32]. The authors were focused on advanced 
cellular core materials by folding composite prepreg sheets to form three-
dimensional open zigzag structures in an origami like-manner, for potential 
applications in future primary aircraft structures. The aims were to achieve lower 
fabrication costs and an improved impact performance. Figure 2.8 shows an 
innovative folded core structure made from carbon composite material. 
 
 
(a) (b) 
(a) 
This text box is where the unabridged thesis 
included the following third party copyrighted 
material:  
 
Zupan M, Chen C, Fleck NA. The plastic 
collapse and energy absorption capacity of 
egg-box panels. International Journal of 
Mechanical Sciences. 2003;45(5):851-871. 
http://dx.doi.org/10.1016/S0020-7403(03)00136-
X 
(b) 
This text box is where the unabridged thesis 
included the following third party copyrighted 
material:  
 
Chung JG, Chang SH, Sutcliffe MPF. 
Deformation and energy absorption of 
composite egg-box panels. Composites 
Science and Technology. 2007;67(11–12): 
2342-2349.  
http://dx.doi.org/10.1016/j.compscitech.2007.01
.020 
Chapter II                                                                                           Literature Review 
 
18 
 
 
Figure 2.8: A carbon fibre folded core with a zigzag geometry [32]. 
 
2.2.4 Multifunctional Cellular Materials 
Cellular materials exhibit desirable qualities, such as a low density, a high strength, a 
high stiffness and high energy absorption. With careful design, these qualities can be 
combined as multifunctional components [33]. The potential for cellular materials to 
have multifunctional performance makes them even more attractive to researchers. 
For example, foldcores feature multifunctional properties, such as thermal insulation 
and good acoustic damping, in addition to their mechanical properties [31]. 
Furthermore, the problem of humidity accumulation in closed-cell sandwich core 
materials such as honeycombs can be solved. In general, the open cell design of 
prismatic, truss and textile cores permits ventability, resulting in improved an air 
flow.  
 
Figure 2.9: Typical applications of cellular materials in automotive industry [34]. 
 
Zhu et al. [34] presented a diagram of the requirements of cellular–core sandwich 
structures in an automotive industry (see Figure 2.9). The region in the centre of the 
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figure, where all three circles overlap, is an idealised multifunctional performance, 
which fulfils all three specifications, i.e. ultra-light structures, energy absorbers and 
heat and a sound dissipation medium.  
 
 
2.3 Corrugated-core Sandwich Structures  
Corrugated-cores are a subset of two-dimensional periodic cores. In Figure 2.10, 
Buannic et al. [35] reported that corrugated-cores can be divided into four 
conventional geometries; straight, hat-type or trapezium, triangular and curvilinear.  
The authors then compared the properties of the four core geometries to a reference 
stiffened panel, to determine the equivalent membrane and pure bending 
characteristics of periodic plates.   
 
Figure 2.10: Traditional corrugated-core sandwich panels [35]. 
 
2.3.1 Curvilinear Corrugated-core  
Amongst the four cores above, curvilinear or sinusoidal was the most common core 
shape in the corrugated-core sandwich panels. This type of geometry has been 
extensively studied, especially for use in the packaging industry.  Nordstrand and 
Carlsson [36-38] studied the compression, shear and buckling behaviour of five 
different corrugated boards. The experimental data were then compared to finite 
(a) Straight 
(b) Hat-type 
(c) Triangular 
(d) Curvilinear 
(e) Reference stiffened panel 
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element analysis and analytical predictions. Lu et al. [39-42] studied the 
compression behaviour of corrugated board panels. The mechanical response and 
failure mechanisms of corrugated sandwich panels subjected to lateral compression 
were examined in a combined theoretical and experimental study. Minimum weight 
also was considered in optimising the corrugated panels. Biancolini et al. [43-45] 
investigated the compression and buckling behaviour of corrugated board packages. 
Pre-buckling and post-buckling behaviour of the panels were evaluated, in order to 
quantify the effect of design parameters on the strength of the panels. Aboura et al. 
[46] proposed an analytical model related to the assessment of the equal elastic 
behaviour of corrugated cardboard. Yokozeki et al. [47] and Ge et al. [48] proposed 
that sinusoidal corrugated structures are candidate materials for flexible morphing 
wing structures (see Figure 2.11). Numerical modelling and challenges in optimising 
the sinusoidal corrugated-core are documented in [49-52]. 
 
 
Figure 2.11: (a) Carbon fibre corrugated-core structure and (b) geometry of flexible 
core for candidate material of morphing wing [47]. 
 
2.3.2 Straight Corrugated-core  
Straight-core sandwich panels are practically good in compression direction, but 
very weak in shear. Therefore, to have a good combination between the compression 
and shear response, the straight trusses should be inclined at appropriate angles. 
Kazemahvazi and Zenkert [20] analysed the effect of shear modulus by increasing 
the corrugation angles. In Figure 2.12, the authors found that a maximum shear 
modulus was clearly achieved at 45o angle, in contrast, the modulus at 0o and 90o 
(straight-core) angles was nearly to zero. 
 
(a) (b) 
(a)                                                               (b) 
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Figure 2.12: (a) Free-body diagram of the corrugated-core and (b) shear modulus as 
function of corrugation angle [20]. 
 
2.3.3 Hat-type Corrugated-core  
A hat-type corrugated-core or navtruss has a trapezium cross-section shape. This 
trapezium corrugated-core has been studied as an alternative to conventional plate-
beam metallic structures in selected areas of ships. Knox et al. [53]  fabricated an 
adhesively-bonded steel trapezium corrugated-core sandwich construction suitable 
for marine applications. They found that the fatigue performance of adhesively-
bonded construction in the low stress, high-cycle fatigue regime is superior to an 
equivalent laser-welded construction. Liang et al. [54] investigated the optimum 
design of trapezoid metallic corrugated-core sandwich panels subjected to blast loads 
using combined algorithms. The authors found that the corrugation leg, corrugation 
angles and core thickness are most important for the core component. Chang and 
Krauthammer [55] developed an elastic-plastic analysis of trapezium corrugated-core 
sandwich panels. The analysis was based on the incremental theory of plasticity, 
with the initial incremental plastic moments being calculated by an iterative 
procedure. Liang et al. [56] improved the theoretical method by combining on plastic 
analysis and a beam model. By using normality theory and simplified beam theory, a 
theoretical method was built to evaluate the relationship between the central 
deflection of a corrugated panel and an external uniformly distributed pressure load.  
 
Recently, Kazemahvazi et al. [19, 20, 57] studied the mechanical response of a 
trapezium carbon fibre corrugated-core subjected to quasi-static and dynamic 
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loading. The conventional (monolithic core member) corrugated-cores were 
compared to hierarchical (sandwich core member) sandwich structures. The authors 
concluded that the difference in strength arises mainly from the increase in buckling 
resistance of the sandwich core members compared to monolithic version. Note that 
in Figure 2.13, this hierarchical concept was introduced by Deshpande et al. [58], 
where from the experimental investigation it was confirmed that the strength of the 
second order truss (hierarchical) is about ten times greater than that of a first order 
(monolithic) of the same relative density. Other researchers, Dayyani et al. [59, 60] 
manufactured and investigated the mechanical properties of glass fibre trapezium 
corrugated-core for morphing skins. A high degree of correlation was observed 
which showed the suitability of the numerical analysis for predicting the mechanical 
behaviour of the corrugated laminated panels. 
 
 
Figure 2.13: (a) Monolithic corrugated-core (1st order) and (b) hierarchical 
corrugated-core (2nd order) [58]. 
 
2.3.4 Triangular Corrugated-core  
For the triangular geometry shape, most of available literature discusses the 
mechanical properties of metallic corrugated-core sandwich structures. Côté et al. 
[61] manufactured triangular corrugated and diamond lattice cores by slotting 
together stainless steel sheets in a ±45o and then brazing together the assembly. 
Three different experiments, out-of-plane compression, transverse shear and 
longitudinal shear tests were conducted and the authors found that the compression 
strengths were sensitive to the aspect ratio length-to-width, and are below the 
analytical prediction due to imperfections. Tilbrook et al. [62] and Rubino et al. [63, 
64] manufactured a triangular corrugated-core by CNC folding, and the core was 
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then laser-welded to two identical face sheets. The core comprised ten struts inclined 
at 60o. The sandwich plates were loaded dynamically by metal projectiles under 
three different test conditions: out-of-plane compression, end-clamped and clamped 
rectangular sandwich plates. Wadley et al. [65] investigated the projectile 
penetration of an extruded aluminium alloy corrugated-core sandwich panel, with a 
web inclination angle of 60o. Interestingly, the authors compared sandwich panels 
that were empty and alumina filled, and found that inserting ballistic-grade alumina 
prisms in the triangular cross-section spaces significantly increased the panels’s 
ballistic resistance.  
 
To date, little research has been done on triangular composite corrugated-core 
sandwich structures. Recently, Russell et al. [66] fabricated a novel triangular 
corrugated-core from E-glass fibre, filled with triangular prisms of PVC foam to 
form the corrugations. The apex of theses corrugations were then stitched to the S2-
glass face sheet with a Kevlar thread. The whole assembly was then vacuum-bagged 
and cured in an autoclave at 72oC for 6 hours. Finally, the sample was fabricated 
with a strut inclination angle of approximately 64o. The mechanical response of the 
structures was measured from quasi-static to dynamic rates. 
 
 
Figure 2.14: Sketch of the procedure used to assemble a dry corrugated-core [66]. 
 
Malcom et al. [67] extended the above experimental investigation with 
micromechanical predictions. Good agreement was observed between the 
experimental results and the micromechanical predictions over the wide range of 
core densities. 
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2.4 Mechanical Performance of Corrugated-core Sandwich Structures 
This section presents the mechanical response under static and dynamic compression 
tests, static shear test and combined compression-shear loading of the corrugated-
core sandwich structures.  
 
2.4.1 Mechanical Response under Static Compression Test 
The mechanical response and failure modes observed in corrugated-core sandwich 
structures can be studied by uniaxial compression tests under distributed uniform 
loading. This method is commonly used to assess the load-carrying capacity and 
energy-absorption characteristic of sandwich structures with novel cores [34]. 
 
Lu and Chen [39] investigated the mechanical behaviour and failure mechanisms in 
corrugated board panels. Two types of specimens were considered, FCT (Flat Crush 
Test) and CMT (Concorra Medium Test). Uniaxial compression tests were 
conducted on two types of commercially-available corrugated board panel to assess 
the validity of the analytical predictions. The effect of boundary conditions, 
geometrical parameters, material properties and geometrical imperfections were 
studied. They found that if a perfect board panel deforms symmetrically relative to 
the loading axis, and the strain hardens until densification region. The panel then is 
stiffest and strongest when the initially sinusoidal core deforms into a square wave 
pattern. However, the presence of small geometrical imperfections in the core 
significantly softens the post-yield strength of the panel, accompanied by non-
symmetrical deformation about the loading axis. Moreover, the out-of-plane 
compression response of the panel was dominated by the geometrical and material 
properties of the core. 
 
The compressive responses of a metallic corrugated-core were measured by Côté et 
al. [61]. A 304 stainless steel was used as the core material, and tested in out-of-
plane compression at the three relative densities, ρ* = 0.036, 0.05 and 0.10. Figure 
2.15 shows photos at different levels of compression, indicating that the peak load 
was governed by buckling of the constituent struts, while the subsequent softening 
was associated with post-buckling response.  
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Figure 2.15: Deformation images of the ρ* = 0.05 corrugated-core in out-of-plane 
compression  [61]. 
 
Figure 2.16: A comparison of the experimental and predicted values of out-of-plane 
compressive strength of stainless steel corrugated-core panels [61]. 
 
 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
 
 
Côté F, Deshpande VS, Fleck NA, Evans AG. The compressive and shear responses of 
corrugated and diamond lattice materials. International Journal of Solids and Structures. 
2006;43(20):6220-6242. 
 
 
http://dx.doi.org/10.1016/j.ijsolstr.2005.07.045 
 
 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
Côté F, Deshpande VS, Fleck NA, Evans AG. The compressive and shear responses of 
corrugated and diamond lattice materials. International Journal of Solids and Structures. 
2006;43(20):6220-6242. 
 
http://dx.doi.org/10.1016/j.ijsolstr.2005.07.045 
 
Chapter II                                                                                           Literature Review 
 
26 
 
A comparison between the experimental data and FE predictions is shown in Figure 
2.16, where an imperfection of magnitude, ζ = 0.25 predicts the peak stress 
accurately. The figure also shows that the peak stress increases systematically with 
increasing ρ* and the analytical solution over-predicts the peak strength because the 
equation does not include any imperfection. The analytical predictions were based on 
the Euler elastic buckling analysis and the Shanley plastic bifurcation stresses [68], 
as in Equation 2.1:  
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where k is a boundary condition factor (k = 2 if built-in), Es is the Young’s modulus, 
σy is the yield stress, υ is a Poisson’s ratio and (t/l ) is an aspect ratio of thickness and 
a length of a strut. Note that the buckling behaviour is a common failure mode in 
metallic truss structure, and this failure mode under quasi-static loading also reported 
in [62].  
 
Kazemahvazi et al. [19, 20] performed an experimental and theoretical study on the 
behaviour of composite corrugations. All of the corrugations were made using 
unidirectional carbon fibre laminates with the fibre directions along the corrugation. 
The uniaxial compression tests were conducted at two different corrugation angles, 
45o and 70o, respectively. They observed that the struts tended to fail in a combined 
splitting, buckling and compressive material failure. The splitting failure mode was 
obvious in the test since all the corrugations were made from unidirectional 
laminates. Figure 2.17 shows that the peak load for 70o corrugation is greater than 
45o corrugation, at the same struts thickness. However, the predicted failure load was 
approximately 20% below the theoretical critical buckling load of a clamped strut. 
The authors believed that the initial imperfection induces larger bending moments on 
the strut which lead to material failure at lower load than the theoretical bifurcation 
load. This study was limited to a single unit cell with a same cell wall thickness.   
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Figure 2.17: Compression response of a single unit cell of (a) 70o and (b) 45o 
monolithic corrugations. The peak load at angle of 70o (P70◦ ≈ 1.05 kN) is greater 
than the peak load at angle of 45o (P45◦ ≈ 0.90 kN). Note dashed line show analytical 
predictions  [19]. 
 
To improve the buckling resistance of corrugated-core sandwich structures under 
uniaxial compression, a number of reinforcement materials or hierarchical 
architectures can be used.  
 
Hierarchical construction is expected to delay elastic buckling in the web of the 
sandwich truss core. The work of Deshpande et al. [58] in Figure 2.18 shows a 
comparison between monolithic and hierarchical corrugated-cores.  
 
 
Figure 2.18: Photographs showing the failure modes of a (a) monolithic corrugated-
core (1st order) and (b) hierarchical corrugated-core (2nd order) [58]. 
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The deformation of the monolithic corrugated-core was controlled by elastic 
buckling and the peak strength was approximately 0.08 MPa. In contrast, the 
hierarchical corrugated-core achieved an initial peak strength of 1.0 MPa, where first 
face wrinkling was observed, resulting in a sharp drop in stress. Following this, the 
stress increased until a second wrinkle formed at approximately 0.8 MPa. The two 
wrinkles are clearly seen in Figure 2.18. 
 
Kazemahvazi et al. [19, 20] extended the above work by combining the strut with a 
polymethacrylimide (PMI) foam, where the foam becomes part of truss core member 
(hierarchical). In the study, a hierarchical corrugation core was manufactured in the 
same way as the monolithic corrugation, and the hierarchical configurations have the 
same foam thickness in the truss core member. In Figure 2.19, the results show that 
the peak stress is approximately three times higher than its monolithic counterpart. 
Different failure modes were observed, where the 45o configuration failed through 
core member face fracture, while the 70o configuration failed through local buckling 
or core shear buckling. Neither global buckling nor splitting failure modes were 
observed in the experiment.  
 
 
Figure 2.19: Compression response of a single unit cell of (a) 70o and (b) 45o 
hierarchical corrugations. Note that dashed line show analytical predictions  [19]. 
 
Alternatively, the properties of the corrugated-core could be by reinforcing with a 
foam core [69]. Such research was done by Malcom et al. [67] which shows that the 
peak strength of the foam-filled cores was 3 to 7 MPa higher than that the open core 
structure, where the foam-filled just increased relative density of the overall 
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composite structure by about 15% to 40%, as shown in Figure 2.20. They found that 
the strength of struts with a thickness to length ratio (t/l) of 0.07 or less was 
governed by Euler buckling. It is possible that the foam stabilised the strut by 
providing lateral pressure to the cell wall during buckling, leading to an increase in 
the critical buckling strength. All structures with t/l > 0.07 failed by microbuckling, 
and it is unlikely that the foam used in the structures significantly impeded this 
failure mode. An expression to peak strength of open core (unfilled) composite 
corrugated-core is expected to be set by either the Euler buckling or the 
microbuckling of the struts, by: 
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where h is a height of the core and H is a length of an unit cell. 
 
 
Figure 2.20: Compressive strength measurements and predictions for corrugated 
composite core as a function of relative density; (a) unfilled core and (b) foam-filled 
core [67].  
 
The work above highlighted the advantages of using a foam-filled core to increasing 
the peak strength, delay the onset of buckling and improve the energy-absorption 
characteristics. However, the construction process of the foam-filled sandwich core 
was impractical as the foam core must be cut precisely into triangular prisms, and 
then inserted to form triangular topology.    
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2.4.2 Mechanical Response under Static Shear Test 
A static shear test presents a suitable way to determine the shear strength and 
stiffness of a corrugated-core sandwich structure. Such tests are carried out 
according to the ASTM C273 standard [70]. 
 
Aboura et al. [46] investigated the transverse shear moduli, Gxz and Gyz respectively. 
The corrugated paper board was bonded to loading blocks and tested according to 
standard shear test [70]. They found that the shear modulus in the cross-direction 
(CD) is greater than in machine-direction (MD), Gyz >Gxz. From the MD shear load-
displacement curve in Figure 2.21, four phases can be observed before failure. 
Firstly, the linear elastic phase, followed by failure of the flutings (cores) under shear 
effect. Next, when the fluting-skins interfaces takes place, the load increases again. 
Finally, the fourth stage represents total damage of the specimen. In contrast, only a 
linear elastic phase was observed in the CD direction before reaching failure, since 
the flutings detached. A theoretical analysis of shear stiffness for a sinusoidal 
corrugated-core was reported in [71] and an analytical prediction for the shear 
buckling was reported in [72]. 
 
 
Figure 2.21: Shear load-displacement curve in MD direction [46]. 
 
Transverse and longitudinal shear responses of a metallic corrugated-core were 
performed in [61]. Figure 2.22 shows photos at different levels of engineering shear 
strain, suggesting that the peak load is controlled by plastic buckling in one of the 
adjacent struts.  
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Figure 2.22: Deformation images of the ρ* = 0.05 corrugated-core in transverse 
shear  [61]. 
 
 
Figure 2.23: A comparison of the experimental and predicted values of transverse 
shear strength of stainless steel corrugated-core panels [61]. 
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A comparison between the experimental data and the FE predictions for transverse 
shear strength is shown in Figure 2.23, where an imperfection of magnitude, ζ = 0.25 
predicted the peak stress accurately.  In longitudinal shear, the authors found that the 
peak stresses exceeded those in compression or transverse shear. 
 
In assessing the transverse shear performance of a carbon fibre corrugated-core, 
Kazemahvazi et al. [19]  showed that the shear peak load for a 45o corrugation is 
greater than  70o corrugation, for the same struts thickness. Figure 2.24 shows the 
shear peak load for the 45o corrugation is double the value of the 70o corrugation. 
This proves that at an inclination angle of 45o, the shear strength is a maximum as 
well as the shear stiffness. 
 
 
Figure 2.24: Shear response of a single unit cell of (a) 70o and (b) 45o monolithic 
corrugations. The peak shear load at angle of 45o (P45◦ ≈ 5.1 kN) is greater than the 
peak shear load at angle of 70o (P70◦ ≈ 2.2 kN). Note that dashed line show analytical 
predictions  [19]. 
 
 
2.4.3 Mechanical Response under Combined Loading 
Sandwich structures are often subjected to complex service loading conditions, in 
which two or three dynamic or static principal stresses may exist [73], e.g. a 
sandwich fuselage side panel subjected to combined bending and torsion. In the 
literature, there are several test methods used to investigate the behaviour of 
sandwich cores under combined loading, except for the triangular corrugated-core. 
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2.4.3.1 Cylindrical Combined Loading  
Patel et al. [74] studied the effect of biaxial loading on corrugated board cylinders. 
Three different loading conditions were applied to the cylinders, axial compression 
(F), torsion (T) and external pressure (P), as shown in Figure 2.25 (a). 
 
 
 
 
 
Figure 2.25: (a) Coordinate systems and loading of a corrugated cylinder. Failure 
envelopes for the corrugated cylinder; (b) the axial compression and torsion quadrant 
and (c) the torsion and external pressure quadrant [74]. 
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The authors observed that the failure modes were mostly dominated by local 
buckling from the inner facing of the corrugated board. However, for torsion (T) and 
externally-pressurised (P) cylinders, the cylinders buckled globally in the collapse 
mode before local buckling or material failure occurred. It was noted that the 
experimental failure stresses are approximately one quarter of the predicted values. 
The combined failure loads were presented as failure locus in stress space. Figure 
2.25 (b) shows the experimental collapse stress closely follows the Tsai-Wu failure 
criterion [75] for combined pure axial compression and torsion. However, in Figure 
2.25(c), the experimental data fall well below the Tsai-Wu predictions. As noted 
previously, Tsai-Wu failure criterion over-predicts the collapse stresses, due to the 
cylinders appeared to fail by a global buckling.  
 
2.4.3.2 Combined Shear-Compression Loading  
Kintscher et al. [76] presented a methodology and a test fixture construction for 
quasi-static combined out-of-plane shear and compression tests on sandwich core 
materials. They tested and discussed the stiffness and failure behaviour of folded 
core structures. Figure 2.2.6 shows schematic assembly of multi-axial test rig and 
data acquisition. Note that this test assembly was proposed in reference [77]. 
 
 
Figure 2.26: Schematic data acquisition [76]. 
 
From the experiment, the author found that the experimental data were quite 
scattered. It was shown that the larger the original shear deformation, the smaller 
was the residual compression stiffness. This was due to initial shear deformation, the 
cell walls of the folded core were deformed against the original position. 
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Figure 2.27: Stresses at failure of folded core material under shear and compression 
loading [76]. 
 
For the scatter experimental data in Figure 2.27, the authors approximated a 
reasonable linear failure criterion prediction as: 
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where σ3 and τ5 are the current transverse compression and shear stresses for a given 
stress state, and R3(-) and R5 are the compression and shear strength. However, this is 
a simply way to describe the interaction between the transverse compression and 
shear stresses, and it might not be universally valid for all folded core or prismatic 
cores. 
 
In contrast to the simple approximation in the Equation 2.3, Besant et al. [77]  
investigated the interaction between the compressive-shear stresses, for an 
aluminium honeycomb core at the same multi-axial test fixture. They proposed a 
modified quadratic failure criterion of the form: 
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where σ, τl and τt are the compressive stress and the through-thickness shear stresses 
in the longitudinal and transverse directions respectively,  and σu, τlu and τtu are the 
corresponding yield stresses. Note that the failure component in the normal direction 
is 
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value of n required to force the model to fit the experimental data was found to be 
dependent on the material type, with values of n = 1.5 in Equation 2.4 produces a 
very good fit to experimental data. For simplicity, a value of n = 2 still provides a 
good fit.   
 
 
Figure 2.28: Failure curves of the aluminium honeycomb core [77]. 
 
2.4.3.3 Bi-axial Arcan Test 
Petras and Sutcliffe [78] constructed the compressive-shear failure locus for  an 
aluminium honeycomb. Instead of using two load cells to simultaneously measure 
the mechanical response of the sandwich cores, the authors used the Arcan test 
method [79] to characterise the compression and shear responses. With this 
technique, they observed that the failure envelopes can be represented by a linear 
failure criterion (Equation 2.3), the exception was a honeycomb with density of 128 
kg/m3 (see Figure 2.29). No clear evidence on discrepancy for a 128 kg/m3 
honeycomb core was reported here. 
(a) (b)  This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
Besant T, Davies GAO, Hitchings D. Finite element modelling of low velocity impact of 
composite sandwich panels. Composites Part A: Applied Science and Manufacturing. 
2001;32(9):1189-1196. 
 
http://dx.doi.org/10.1016/S1359-835X(01)00084-7 
Chapter II                                                                                           Literature Review 
 
37 
 
 
Figure 2.29: Strength-to-failure criterion for honeycomb cores; (a) ρ = 64 kg/m3 and 
(b) ρ = 128 kg/m3. Note that the dashed lines correspond to the linear failure criterion 
[78]. 
 
Mohr and Dyoyo [80-83] studied the mechanical responses of honeycomb cores with 
the used of the Arcan test method.  
 
 
Figure 2.30: Localisation of deformation in an aluminium honeycomb specimen 
under combined normal and shear loading in the T-W plane [82].  
 
Figure 2.30 shows the deformation of the core under combined loading. Based on 
global static equilibrium, the mean shear and normal stresses, τTW and σT are 
calculated from the vertical force that acts on the specimen: 
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where FV is a vertical force, θ is a bi-axial loading angle and A is a cross-section 
area. The authors found that some issues associated with the Arcan testing must have 
to take into consideration, especially the effects of mounting configurations [84]. 
Figure 2.31(a) shows the standard configuration or single pin joint in the test rig. 
This condition allows rotation of the fixture at the joint and eliminates any transverse 
load (horizontal force, FH = 0) on the actuator. Therefore, the Equations 2.5 and 2.6 
are only valid for this standard configuration. 
 
 
Figure 2.31: Mounting conditions between the uniaxial testing machine and the 
Arcan grips for the (a) standard and (b) clamped configuration [80].  
 
For the second condition, shown in Figure 2.31(b), the multiple-pin or clamped 
configuration do not allow any rotation between the Arcan grips and the testing 
machine, and thus FH can take non-zero values. The expressions for the normal and 
shear stresses must be corrected by adding a term that takes the effect of the 
horizontal force into account [80]: 
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Some authors ignored the measurement of the horizontal force, since to measure the 
value of FH required an additional load cell. The standard load cell of a universal 
testing machine can only measure FV, but not FH. Mohr and Dyoyo [80] concluded 
that the FH must be measured for the clamped configuration, otherwise significant 
errors will arise in the stresses, i.e. they found that for unidirectional composites, 
maximum relative errors in the shear stresses of 1000% are observed. 
 
One of the ways to measure FH without an additional load cell was introduced by 
Lamb et al. [85]. The authors characterised the hexagonal honeycomb core using an 
Arcan apparatus, and found that the failure mechanism was similar to those observed 
by Mohr and Dyoyo [82]. The value of FH was determined by a simple pre-
calibration test to measure the transverse compliance of the test rig, at a loading 
angle of 45o. With this calibration, the value of FH acting at the grips was measured, 
and then the value can be used in Equations 2.7 and 2.8. 
 
2.4.3.4 Bi-axial Failure Envelopes  
Under compression-shear loading, the failure stresses and mechanisms differ 
depending on the loading angle. Mines and Jones [86] stated that four different 
failure envelope models can be used to characterise the response of a core structure. 
Model 1 uses the von-Mises yield criterion, including strain-hardening and is given 
by: 
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where σe and τe are the effective stresses with σ and τ being related through 3 τσ = . 
 
In Model 2, it is assumed that no strain-hardening occurs as a result of the transverse 
shear stress component and hence: 
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where τf is the shear strength of the core, i.e. the shear stress at initial crush.  
 
In the third model it is assumed that a linear relationship exists between the direct 
and shear stress components: 
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Meanwhile, Model 4 represents a hybrid interaction criterion, in which the von-
Mises criterion is assumed to apply up to the initial crush condition (σe = σf and τe = 
τf ) with  and thereafter, a linear relationship apply. 
 
The four models discussed above were used as guides to construct the failure 
envelope of a sandwich core [87]. Surprisingly, even for the same core material, the 
failure criterion model to be used can be different. For example, Benderly and Putter 
[88] constructed a failure envelope for Rohacell foam, and the data were well-fitted 
by a quadratic equation (Equation 2.10). A linear relationship (Equation 2.11) was 
not appropriate, unlike that reported in [89] for the same foam core. The argument 
for this difference in the applicability of the failure model was unclear.  
 
2.4.4 Mechanical Response under Dynamic Loading 
This section presents the classification of impact response, the dynamic compression 
of corrugated-core sandwich structures and related topics on dynamic effects and 
impact testing. 
 
2.4.4.1 Classification of Impact Response 
To understand the mechanical responses of sandwich structures under dynamic 
loading, Chai and Zhu [90] presented two criteria for the classification of impact 
response, as shown in Figure 2.32. These criteria are based on structural deformation 
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and damage, and structural response. Stronge [91] explained that plastic deformation 
is localised around the contact area for low velocity impact, but a large area of 
deformation or damage around the contact area for high velocity impact. However, 
the impact mass, M should be take into account as well as the impact velocity [92]. 
In addition to the impact velocity and mass, impact duration, t, is also considered as 
a key parameter in distinguishing between a high and a low velocity impacts [93].  
 
 
Figure 2.32: Solution methods for different categories of impact. Note that M is mass 
of impactor, mp is mass of specimen and (M/mp) is impactor mass ratio [90]. 
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Cantwell and Morton [94] classified low velocity impact as an impact response up to 
10 m/s. The authors summarised that under low velocity impact, the energy 
absorption capability is dependent on the shape and size of the specimen, whilst at 
high velocity impact, which involves a localised form of specimen response, and 
where damage is independent to specimen geometry.  
 
High velocity and ballistic impact is not of primary interest in this thesis, and only 
relevant literature on low velocity impact of corrugated-core sandwich structures will 
be discussed below. 
 
2.4.4.2 Dynamic Effects 
The dynamic response of a periodic cellular core can be significantly different from 
its quasi-static loading response, due to three fundamental effects:  
 
a) Material strain-rate sensitivity 
The constituent material of the core may show a strain-rate dependence, i.e. 
the yield strength of mild steel increases with increasing strain-rate [95]. 
 
b) Inertia stabilisation 
Since cellular cores are buckling-dominated, inertial effects can delay the 
onset of buckling and change the wavelength of the buckling mode. This 
effect can be important under low velocity impact, for which wave 
propagation effects are negligible [96].  
 
c) Wave propagation 
Wave propagation effects become important as the impact velocity is 
increased. Propagation of elastic, plastic and bending waves can be 
transmitted through the core which can affect the macroscopic properties of 
the structure. For example, consider a metal column loaded dynamically in 
compression, if the impact velocity is greater than the plastic wave speed, the 
column does not buckle and material accumulates at the impacted end [97]. 
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2.4.4.3 Dynamic Compression of Corrugated-core Sandwich Structure 
When a sandwich structure is loaded dynamically, some energy is absorbed by 
crushing the core. Therefore, the dynamic performance of a sandwich structures is 
highly dependent on the compressive response of the core [98].  
 
Tilbrook et al. [62] investigated the dynamic out-of-plane compressive response of a 
stainless steel corrugated-core sandwich structure at impact velocities ranging from 
quasi-static to 200 m/s. They used two unit cells corrugated-core sandwich structure 
and the dynamic compression responses of the structure were measured using a 
strain-gauged Kolsky bar. Under low velocity impact at 10 m/s, direct observational 
evidence was provided for inertial stabilisation against elastic buckling, as in Figure 
2.33. They found that the peak stress increased seven times above quasi-static 
values, due to dynamic stabilisation against the buckling modes. 
 
 
Figure 2.33: High speed video images of the deformation at a striker velocity of 10 
m/s [62].  
 
Latter, Rubino et al. [63, 64] continued the work of Tilbrook et al. [62], and assessed 
the dynamic responses of corrugated-core sandwich structures in two different 
boundary conditions: end-clamped and clamped rectangular sandwich plate. A 
different measuring technique was used. They used Alporas aluminium foam as a 
projectile which was fired from a gas gun (vo = 30 - 426 m/s) to impact the 
structures.  
 
Recently, Russell et al. [66] carried out a series of dynamic compressive tests on 
filled and unfilled triangular corrugated-core sandwich structures. The specimens 
were manufactured in ‘stocky under compression’ with an aspect ratio (t/l) of 0.219 
and relative density of ρ* ≈ 33%, and measured using Kolsky bar apparatus. The 
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idea of the stocky strut was to measure responses of the material rather than 
structural behaviour (Euler buckling). They found that the measured peak strength of 
filled and unfilled specimens were almost identical, where  deformation is more 
localised near the impacted face with the corrugated-core ‘stubbing’ against the 
impacted face. In Figure 2.34, they plotted a bi-linear relationship of the strength 
with impactor velocity, and concluded that the rate-sensitivity of the high relative 
density corrugated-core is controlled by the rate-sensitivity of the parent cell wall 
material and is not significantly affected by inertial stabilisation against elastic 
buckling. Note that the rate-sensitivity of the parent material indicated two different 
zones of deformation, microbuckling of the strut (vo < 50 m/s) and compressive 
crushing at higher strain rate.  
 
 
Figure 2.34: Bi-linear relationship of the measured peak stresses in the filled and 
unfilled corrugated-core specimens as a function of impact velocity and applied 
strain-rate [66]. 
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Figure 2.35: Range of failure mechanisms at different velocities and for different 
core member aspect ratios. Note that the number displayed in the small box is a 
buckle mode shape [57]. 
 
Most recently, with the same test apparatus of a Kolsky bar, Kazemahvazi et al. [57] 
extended the work on the dynamic out-of-plane compressive responses of the 
corrugated-cores. A single unit cell of trapezium shape geometry with three different 
 
This text box is where the unabridged thesis included the following third party copyrighted 
material:  
 
 
Kazemahvazi S, Russell BP, Zenkert D. Impact of carbon fibre/epoxy corrugated cores. 
Composite Structures. 2012;94(11):3300-3308. 
 
 
http://dx.doi.org/10.1016/j.compstruct.2012.04.034  
Chapter II                                                                                           Literature Review 
 
46 
 
aspect ratios (t/l) of 0.015, 0.03 and 0.06, was dynamically loaded at impact 
velocities ranging from 5 m/s to 35 m/s. They evaluated the failure mechanisms at 
different velocities and for different core member aspect ratios. In Figure 2.35, the 
authors observed that the order of the buckling modes rises dramatically with 
increasing velocity. They concluded that the dynamic strength enhancements from 
inertial stabilisation achieved factors of up to 9 for the most slender geometry (t/l = 
0.015) and for the most stubby strut (t/l = 0.06), can achieved by factors of 2.5.   
 
2.4.4.4 Instrumented Dynamic Compression Test 
The above literature is mostly uses the instrumented Kolsky bar to measure the 
dynamic compression properties. Additionally, an instrumented drop-weight tower 
has been used to characterise the dynamic compression properties of a novel 
structure [98]. Here, the impact force was measured directly using a piezoelectric 
load cell positioned between the striker and weight of the impactor. The impactor 
was released from heights up to 300 mm to produce the desired impact velocity. The 
velocity of the impactor during the impact test was measured using a Laser Doppler 
Velocimeter. However, in the Kolsky bar test, the specimens were impacted with an 
impactor bar, the impact forces on the rear of the specimens were measured by 
inferring the stress in the transmitter bar through strain gauges. Very strict protocols 
have to be followed including the calibration procedure, to receive reliable impact 
force data [99]. Figure 2.36 shows the drop-weight tower and the Kolsky bar.  
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Figure 2.36: (a) A free-fall instrumented drop-weight tower [98] and (b) an 
instrumented direct impact Kolsky bar set up [99].   
 
 
2.5 Modelling of Sandwich Structures 
This section describes the background of the finite element method, the modelling of 
corrugated-core sandwich structures and other issues involved in static and dynamic 
FE modelling. 
 
2.5.1 Background of Finite Element Method 
Understanding the foreign object impact to lightweight aircraft constructed from 
polymer composite sandwich structure requires the quantification of impact energy 
absorption of the structure as it deforms. This is a very complex problem given the 
variety of candidate composite materials for such structures, and given possibility of 
many different material and structural failure modes. Also, the analytical model 
includes a large number of simplifications and assumptions, and in order to make 
progress in this field the use of a computer is indispensable. 
 
Finite Element Method (FEM) is a numerical technique for finding approximate 
solutions that can be used for analysing the behaviour of complicated structures 
where such analyses may not be feasible theoretically and the cost of laboratory 
testing limits the amounts of tests possible. In recent years, the use of FEM in a 
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computer-aided engineering (CAE) tool for technical analysis has become more 
common. There are several commercial FE packages available on the market these 
days, e.g. Abaqus, LS-Dyna, ANSYS, CosmosM, ALGOR, MSC.Nastran, etc. 
Displacement method is the most widely used as FEM approach and is suitable for 
most technical problems. In this method, displacements are obtained by inversion of 
the stiffness matrix so that stresses and strains can be derived. 
 
Since the FEM technique is already established, researchers and industry are the end-
users of commercial FE packages. Although the area is already established one 
would require a good level of understanding in order to apply the right procedure and 
to utilise it to its optimum level. With a good understanding of FEM, the end-user is 
able to produce detailed visualisations in CAE, showing the stresses and strains and 
deformation of the structural components. Therefore, FEM can give a high level of 
confidence for the performance of structural components, before the components are 
manufactured. 
 
2.5.2 Modelling of Corrugated-core Sandwich Structures 
Côté et al. [61] used FE analysis to predict the quasi-static response of the triangular 
corrugated and diamond lattice cores in Abaqus/Standard. A single corrugation was 
modelled using three-dimensional linear shell element (S4R) and elastic-plastic 
property of the stainless steel was inputted to predict the mechanical response of the 
core. An imperfection in the shape of the buckling mode was imposed onto reach 
strut, where the first eigenmode and maximum amplitude equal to 25% of the sheet 
thickness was specified in the FE model. They concluded that by including 
geometric imperfection, this FE model is in good agreement with the experimental 
result. 
 
Tilbrook et al. [62] simulated quasi-static and dynamic responses of the stainless 
steel corrugated-core sandwich structures using Abaqus/Explicit. Two-dimensional 
FE models were created using four-noded plane strain quadrilateral element with 
reduced integration (CPE4R), with the same geometry as measured in the 
corresponding experimental specimens. The material behaviour was modelled as 
rate-dependent J2-flow theory for an elastic-plastic solid. Perfect bonding between 
the core and the face sheet was assumed in all cases and a hard contact interaction 
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was enforced between all contacting surfaces. Geometric imperfections were 
introduced in the FE geometries of the specimen, in form of the first static 
eigenmode of elastic buckling. The maximum amplitude of the imperfections was set 
equal to sheet thickness.  Figure 2.37(a) shows comparisons of the measured and 
numerical predictions of the quasi-static response showed good agreement 
throughout the collapse response. Dynamic simulations showed that a higher order 
buckling mode in the corrugated-core was triggered. For dynamic compression at vo 
= 50 and 100 m/s, initial deformation was concentrated near the impacted end of the 
corrugated-core. The FE models also showed that the material strain-rate effects 
have a negligible effect on the dynamic compressive response of the laboratory-scale 
core specimens, as shown in Figure 2.37(b). They concluded that laboratory-scale 
specimens tested were adequate to reveal the dynamic strengthening mechanism of 
full-scale corrugated sandwich core. 
 
 
 
  
 
Figure 2.37: (a) A comparison between the observed and FE predictions of the quasi-
static deformation mode of the corrugated-core specimens and (b) FE predictions of 
the dynamic strength enhancement with and without material strain-rate sensitivity 
[62]. 
 
Rubino et al. [63, 64] developed FE models to simulate the response of sandwich 
structures with corrugated and Y-frame cores, under dynamic compression loading. 
The models aimed to gain further insight into the failure mechanisms and to 
understand the role the boundary conditions; end-clamped and clamped around the 
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edges. Numerical simulations were performed using Abaqus/Explicit and employed 
four-noded shell elements (S4R) for the both the face sheets and the core. Perfect 
bonding between the core and the face sheets was assumed. The uniaxial tensile true 
stress versus equivalent plastic strain curve at plastic strain rates of 10-3 s-1 ≤ έp ≤ 104 
s-1 were tabulated to define  the strain hardening and strain-rate behaviour of the 
material (AISI 304 stainless steel). Over the range of impact velocities considered in 
this study, thermal effects were neglected throughout the numerical simulations. The 
‘general contact’ option in Abaqus was employed to simulate contact between all 
adjacent surfaces, which enforced hard, frictionless contact interaction using a 
penalty algorithm.  Comparisons of the simulations and measurements show good 
agreement for predicting the plate permanent deflections for corrugated-core, 
however the FE calculations under-predict the core compression in the Y-frame 
sandwich plates. The authors attributed this discrepancy to the fact that tearing 
between the Y-frame leg and the back face sheet. They concluded that theses 
sandwich constructions have potential for significantly enhancing the dynamic 
performance of structures. 
 
Qin et al. [100] modelled a three-dimensional metal corrugated-core sandwich 
structure subjected to heavy mass with low impact. The FE model was performed 
with Abaqus/Explicit and employed eight-noded linear brick element with reduced 
integration (C3D8R) for both face sheets and core. Due to the symmetry of the beam 
struck at midspan, half length of the sandwich panel was considered in analysis with 
symmetry boundary conditions imposed at midspan. Elastic and plastic strain 
hardening properties were used to simulate the behaviour of the structure. They 
concluded that the dynamic response of the sandwich panel outperforms monolithic 
solid plate of the same mass. 
 
Vaziri et al. [101] used Abaqus/CAE software to develop models for clamped-end 
metal sandwich plates with two different sandwich cores (square honeycomb and 
folded cores) subjected to quasi-static and impulsive loading. One of the main 
studies was to investigate enhancement of the buckling resistance of the webs due to 
lateral support of foam.  Brick elements with reduced integration (C3D8R) were 
employed to all components (face sheet, core webs and polymeric foams). Classical 
flow theory based on the von-Mises yield surface and isotropic hardening was 
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employed in the computations. All the computations were performed using the 
explicit time integration (Abaqus/Explicit), both for dynamic and quasi-static events. 
They explained that for the models of foam-filled cores, the displacement of the steel 
core and polymeric foam coincide at nodal points on shared interfaces. When 
analysed with implicit version (Abaqus/Standard), the problems addressed with 
convergence difficulty, because of the complexity of the geometry and variation of 
the material behaviour. For that reason, Abaqus/Explicit was utilised to simulate 
each field and history output of   empty and foam-filled cores. From the quasi-static 
FE model, they found that the foam enhances the core crushing resistance by 
providing lateral support of the core webs (see Figure 2.38).  
 
 
 
 
Figure 2.38: Deformed configuration of the empty and fully-filled sandwich plates at 
δpunch / L = 0.25. Note that the polymeric foam components are not shown and υs is 
volume fraction of steel [101]. 
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To date, only one research paper has discussed a modelling procedure for composite 
corrugated-core sandwich structures. Kazemahvazi and Zenkert [20] used the FE 
method to validate the linear elastic response of CFRP corrugated-core sandwich 
structures as well as the stress predictions calculated from an analytical model. A 
non-linear geometry model of a single unit cell was generated in Abaqus/Standard. 
Each strut was modelled using a four-noded linear shell element with reduced 
integration (S4R). The loading and boundary conditions were detailed in the paper, 
however the constitutive model used in the simulation was not presented. A very 
good correlation was found between the analytical model and the FE model. 
 
In the commercial finite element code Abaqus, in-built progressive damage models 
for elastic-brittle material, based on Hashin’s failure theory are able for predicting 
failure and post-failure behaviour in fibre-reinforced composite materials. It was 
noted that this failure theory in Abaqus can only be applied to conventional shell or 
continuum shell element.  Details for simulating an anisotropic damage model 
suitable for composite materials  are presented in [102].  
 
2.5.3 Imperfections 
Zhang et al. [103] studied the crushing behaviour of four different types of 
corrugated-cores (Y-type, U-type, X-type and Y-type core). The authors ignored 
imperfection issues in numerical modelling with MSC.Dytran, and consequently, the 
numerical results over-predicted the stiffness and peak load of the core structures. 
For example in Figure 2.39, the prediction of peak load is about three times above 
the measured response of V-type core sandwich panel.  
 
Heimbs et al.  [30] stated that the imperfections in cellular core structures can be 
divided into two categories: global and local imperfections.  
a) Global imperfections 
Due to irregular cell geometry, uneven or pre-buckled cell walls.  
b) Local imperfections 
i) Macro level (e.g. surface roughness, wall thickness variation, 
deviation of fibre angles, resin accumulation in cell wall corners). 
ii) Micro level (e.g. cracks, pores, variation of fibre volume fraction). 
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Both the imperfections in hexagonal honeycombs and folded cores were due to 
fabrication process, i.e. the folding process. Therefore, FE models without 
imperfections will always lead to an over-prediction of the stiffness and strength 
values [99]. 
 
 
Figure 2.39: (a) A load-displacement curves of measured and numerical prediction of 
V-type core sandwich panel (b) a V-type core panel made from mild steel [103]. 
 
To account for imperfection issues, a FE buckling analysis procedure is presented in 
[104] while Sarawit et al. [105] presented an imperfection sensitivity study for two 
types of imperfections, local and distortional modes obtained from the buckling 
eigenvalue analysis. The modes were superposed in the model to give the initial 
geometric imperfection.  
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2.6 Summary of Chapter II 
Chapter II presented a review of relevant past and current research work on 
corrugated-core sandwich structures subjected to quasi-static and dynamic 
compression loading.  A brief overview of the classification of cellular materials e.g. 
foams, periodic cores, is given. Then, the mechanical response of corrugated-core 
sandwich structures under compression, shear and combined loading has been 
reviewed, with some relevant examples. Following this, the impact test response of 
the corrugated-core sandwich structures has been discussed. Finally, procedures for 
modelling the response of these sandwich structures using commercially-available 
codes, and numerical modelling techniques have been reviewed, with examples of 
published numerical work. To date, limited literature is available on triangular 
corrugated-core sandwich structures, especially those made from composite 
materials.  A summary of the relevant work is given in Table 2.1. 
 
Therefore, this research work aims to contribute to the manufacture and evaluation 
of the mechanical properties of triangular corrugated-core sandwich structure, made 
from metallic and composite materials. A range of quasi-static tests, from out-of-
plane compression to combined compression-shear loading are presented. These tests 
aim to understand the mechanical response, energy absorption and failure modes in 
the structures. An analytical model and a finite element model are developed to 
predict the strength and stiffness of the structures, both in quasi-static as well as 
under low velocity compression loading. 
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Table 2.1: A summary of relevant research works on corrugated-core sandwich structures. 
Author Year Design Core Material Manufacturing Process 
Corrugation 
Angles Investigation 
Knox et al. 
[53] 1998 Trapezium Mild steel 
Folding and 
adhesive bonding 18
o, 20o, 25o, 30o Experimental and FE analysis - Static bending test 
Liang et al. 
[54] 2001 Trapezium Steel N/A N/A 
Analytical and Computer programming - 
Blast test 
Côté et al. 
[61] 2006 
Corrugated and 
Diamond Lattice 
Stainless Steel 
304 
Slotting and 
brazing the 
assembly 
±45o 
Analytical, Experimental and FE 
analysis - Static compression and shear 
tests 
Deshpande et 
al. [58] 2007 
Trapezium - 
Monolithic and 
Hierarchical 
(sandwich corrugated-
core) 
Aluminium 
Alloy 6061-T6 
Folding and 
brazing the 
assembly 
60o Analytical  analysis, Experimental  - Static compression test 
Tilbrook et al. 
[62] 2007 
Triangular corrugated-
core and Y-frame core 
Stainless Steel 
304 
Folding and 
brazing the 
assembly 
60o 
Experimental and FE analysis - Static 
and dynamic compression tests. Impact 
velocity, vo = 2 m/s to 200 m/s 
Rubino et al. 
[63]  
2008 Triangular corrugated-core and Y-frame core 
Stainless Steel 
304 
Folding and 
brazing the 
assembly 
60o 
Experimental and FE analysis - 
Dynamic three point bending test, end-
clamped. Impact velocity, vo = 30 m/s to 
426 m/s 
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Kazemahvazi 
and Zenkert 
[20] 2009 
Trapezium - 
Monolithic and 
Hierarchical 
Unidirectional 
CFRP (T700, 
Gurit) 
Compression 
moulding and 
adhesive bonding 
45o, 70o Analytical, FE analysis - Static compression and shear tests 
Kazemahvazi 
et al. [19] 2009 
Trapezium - 
Monolithic and 
Hierarchical 
(sandwich foam core) 
Unidirectional 
CFRP (T700, 
Gurit) 
Compression 
moulding and 
adhesive bonding 
45o, 70o Experimental and Analytical analysis - Static compression and shear tests 
Rubino et al. 
[64] 2009 
Triangular corrugated-
core and Y-frame core 
Stainless Steel 
304 
Folding and 
brazing the 
assembly 
60o 
Experimental and FE analysis - 
Dynamic penetration test, clamped 
plates. Impact velocity, vo = 94 m/s to 
451 m/s 
Russell et al. 
[66] 2010 
Triangular corrugated-
core (fully-filled and 
unfilled foam) 
Woven E-glass 
(3WEAVE 
fabric, 3tex. 
Inc) 
Stitching 64o 
Analytical analysis, Experimental - 
Static and dynamic compression test. 
Impact velocity, vo = 25 m/s to 175 m/s 
Kazemahvazi 
et al. [57] 2012 Trapezium 
Unidirectional 
CFRP (T700, 
Gurit) 
Compression 
moulding and 
adhesive bonding 
70o 
Experimental - Dynamic compression 
test. Impact velocity, vo = 5 m/s to 35 
m/s 
Wadley et al. 
[65] 2013 
Triangular corrugated-
core (fully-filled and 
unfilled foam) 
Aluminium 
Alloy 6061-T6 Extrusion process 60
o 
Experimental - Ballistic test, clamped 
plates. Projectile velocity, vo = 500 m/s 
to 1500 m/s 
 
Note: N/A = information is not given  
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3.1 Introduction 
This chapter focuses on the experimental procedures used in this study to investigate 
the mechanical properties of the different types of material studied here. The test 
methods used in this study include both static and dynamic compression tests.  Tests 
were conducted on an aluminium alloy, a glass fibre reinforced plastic (GFRP) and a 
carbon fibre reinforced plastic (CFRP). Initial tests focused on the influence of the 
number of unit cells on the fracture properties of the sandwich structure. Following 
this, tests were conducted on corrugations with increasing wall thicknesses, at both 
static and dynamic loading rates. The study also investigates the influence of filling 
the corrugated-core structures with foam core in order to increase their energy 
absorption capability.  An overview of the materials and fabrication procedures used 
in this project is also given in this chapter. Details of the tests, including the tensile 
tests, shear tests, Arcan tests and static and dynamic compression tests are also 
reported. 
 
3.2 Design and Fabrication of Corrugated-core 
The corrugated-cores were prepared using a 45
o
 triangular profile with a 210 mm by 
240 mm effective area of fabrication. Figures 3.1 and 3.2 show the mould which was 
made from mild steel. Each unit cell had a nominal height of 10 mm and a length of 
20 mm. The cores using the corrugated 45
o
 profile, as the female mould (lower 
profile) to hold the composite prepreg (or flat material) and as the male mould (upper 
profile) pressed the material to form the shape of a triangular profile.  
 
Figure 3.1: Drawing of corrugated mould design. 
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The mould was manufactured to a high precision using a computer-controlled 
numerical milling machine (CNC). The apex of each triangular unit in the mould was 
relatively sharp, having an average diameter of approximately 0.1 mm, as shown in 
Figure 3.3. This does result in a small region of resin enrichment in the corners, 
however, this was not deemed to be significant. A 45
o
 corrugation was selected since 
it gives an optimum shear modulus with respect to tensile and bending stiffness of 
the core structure [1]. Appendix A shows the detailed drawings of the mould.  
 
 
 
Figure 3.2: Assembly drawing and photograph of the corrugated mould. 
 
A precise fabrication procedure was followed to control the quality of the 
corrugated-core specimens. A roll of composite prepreg was taken out from the 
freezer and then placed on a clean flat surface as shown in Figure 3.4.  The prepreg 
was cut according to 200 mm x 150 mm in warp and weft directions, respectively.  
 
Upper Profile 
Lower Profile 
Corrugation specimen 
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Figure 3.3: The apex of the triangular unit in the mould. 
 
 
Figure 3.4: A roll of composite prepreg in the as-received condition before cutting to 
size of 200 mm by 150 mm.  
 
150 mm 
200 mm 
Warp 
Weft 
0.1mm 
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During manufacture, the prepreg was placed between the upper and lower moulds, 
and separated with a sheet of thin polypropylene (PP) film (Xiro Collano AG).  The 
PP film was used to separate the prepreg and the mould surfaces to ensure easy 
demoulding at the end after curing. The prepreg was then cured in a hot press at a 
curing temperature, TC , with a dwell time of tdwell minutes, before cooling down to 
room temperature, TR , or 60
o
C according to the manufacturer’s recommended 
processing cycle, as illustrated in Figure 3.5. After the corrugated-core profile was 
fully cured, it was taken out from the mould and then bonded to two skins using an 
epoxy adhesive. Then, the sandwich structure was heated in the oven at 120
o
C for 60 
minutes, to cure the adhesive. The structure was then cut to the required specimen 
dimensions for testing.  
  
  
Figure 3.5: Curing profile for (a) GFRP and (b) CFRP prepregs. 
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Figure 3.6 shows the Meyer hot press machine used for manufacturing the test 
specimens. 
 
Figure 3.6: Photograph of the Meyer hot press machine. 
 
 
3.2.1 Aluminium Alloy 
Aluminium alloy 2024 is an aluminium alloy with copper and magnesium as the 
alloying elements. It has been used in many applications, such as in aerospace 
primary structures, requiring a high strength to weight ratio, as well as a good fatigue 
resistance. In this study, the aluminium alloy 2024-O (AL) was used. The general 
properties of aluminium reported in the literature [2] are a density of 2780 kg/m
3
, 
with a melting point of approximately 550
o
C, a tensile strength of 185 MPa, an 
elastic modulus of 73.1 GPa and a strain of failure between 20% to 22%. To ensure 
that the raw material was not damaged during the fabrication process, the plain 
aluminium sheet was fed one unit cell at a time across whilst pressing after each step 
until a complete corrugation profile was achieved. The corrugated-core specimens 
were then measured to ensure that they satisfied the required dimensions. Note that 
springback effects were noted in the aluminium following the fabrication process. 
These effects were neglected in this study. 
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3.2.2 Glass Fibre Reinforced Plastic 
The glass fibre reinforced plastic (GFRP) used here was supplied by Gurit AG 
(Stesapreg EP127-44-40). Note that density of a laminated GFRP is 1750 kg/m
3
. 
Prior to manufacture, the woven prepreg (four harness satin or Crowfoot) was cut to 
dimensions of 150 mm x 200 mm and then layed up, to give the required thickness. 
Sheets of thin (PP) films were then placed on each surface of the prepreg. The 
prepreg was subsequently placed in a hot press (Meyer hot press machine) and 
heated to a temperature of 145
o
C under a pressure of 6 bar for 90 minutes. The 
temperature was monitored by a digital thermocouple inserted between the prepreg 
plies.  
 
3.2.3 Carbon Fibre Reinforced Plastic 
A woven carbon fibre reinforced plastic (CFRP) supplied by Gurit AG (EP121-C15-
53) was also used in the study. Note that density of a laminated CFRP is 1390 kg/m
3
. 
During the manufacturing process, the plain woven prepreg was cut into dimensions 
150 mm x 200 mm and placed between two 60 µm thick PP films.  The prepreg was 
then placed in a hot press and heated to a temperature of 120
o
C under a pressure of 6 
bar for 90 minutes. The temperature was monitored by thermocouples inserted 
between the prepreg plies.  
 
3.3 Specimen Preparation 
In fabrication method adopted here, the material was placed between the male and 
female moulds, and then cured using the hot press according to the manufacturer’s 
recommended processing cycle, as previously discussed.  
 
  
Figure 3.7: Photograph of specimens following removal from the mould. 
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Figure 3.7 shows a corrugated composite core after curing, and removal from the 
mould. The upper and lower skins of the sandwich structures were made from the 
same material as the core. Figure 3.8 shows a schematic of stacking orientation and 
cutting direction of the composite specimens. A summary of the thicknesses of the 
corrugations and the processing time to manufacture the skins is given in Table 3.1. 
For the CFRP and GFRP specimens, the skins were removed from the mould after 
the hot press had cooled to a temperature below 60
o
C and then visually inspected for 
any defects.  
  
 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
   
 
  
 
  
 
  
 
 
Figure 3.8: (a) Schematic of the stacking orientations of the woven composite and 
(b) cutting the cured specimen into (i) ±45
o
 and (ii) 0
o
/90
o 
layers. 
 
Table 3.1: Summary of processing parameters used for manufacturing the skins of 
the sandwich structures. 
Material 
No. of 
plies 
Average 
Thickness 
(mm) 
Heating 
Temperature 
(
o
C) 
Pressure 
(bar) 
Curing 
Time 
(min.) 
Cool-
down 
rate 
(
o
C/min.) 
AL 1 0.5 ± 0.01 
 
GFRP 4 0.4 ± 0.03 145 4 90 4 
CFRP 2 0.5 ± 0.05 120 4 90 4 
 
The core was then bonded to the two skins using an epoxy adhesive. The Araldite 
420 A/B structural adhesive used here was supplied by Hunstman Advanced 
Materials GmbH and has a lap shear strength (LSS) of 43 MPa. It is recommended 
0
o
/90
o
 
±45
o
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o
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(ii) 
 
Weft 
Warp 
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for both metal and polymer bonding. The adhesive was laid on the apex of the core, 
followed by the upper and lower skins. A moderate weight was placed on top of the 
sandwich structure to ensure good contact between the core and skins, as well as 
aligning the skins parallel to each other. The sandwich structure was then heated in 
an oven at a temperature of 120
o
C for approximately one hour to cure the adhesive. 
The structure was then cut into specimens with dimensions of 100 mm length and 25 
mm width.       
 
Figure 3.9 shows a corrugated-core specimen consisting of five repetitions of an 
identical unit cell. The consistency of the dimensions in each unit cell after 
fabrication is clearly important. An exact measurement and consistent identity of unit 
cell are important to ensure the reliability of the repeated experimental results.   
 
 
 
 
Figure 3.9: Five identical unit cells of an AL corrugated-core sandwich structure. 
 
The corrugated-core unit cell is based on a triangular profile. The geometric 
parameters shown in Figure 3.10 are annotated as follows: θ and β are the internal 
angles of a unit cell in the corrugated-core sandwich structure; hc is the height of the 
core; L is the length of the strut member; HU and HL are thicknesses of upper and 
lower of the skins, respectively; H is the average thickness of the inclined core 
members and is therefore equal to the wall thickness; x is the length of the core; and 
w is the width of the specimen. Due to the predetermined mould design, the value of 
x was 20 mm while θ and β were set equal to 45o and 90o, respectively.  
 
Upper skin 
Lower skin 
Core Adhesive  
bonding 
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Figure 3.10: The geometry of unit cell of the corrugated-core sandwich structure. 
 
In preparation of the test specimens, the value of w was set equal to 25 mm width. 
The corrugated-cores were cut to yield specimens with five different numbers of unit 
cells, as shown in Figure 3.11.  
 
 
 
Figure 3.11: Photographs of the five different number of unit cells in the AL 
sandwich specimens. 
 
To investigate the influence of filling the corrugations with foam, a liquid 
polyurethane (PU) rigid foam, LDP40 supplied by Polycraft Ltd., was introduced 
into the core.  The use of the liquid foam chemical to fill the empty spaces of 
x = 20mm 
2x = 40mm 
3x = 60mm 
4x = 80mm 
5x = 100mm 
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corrugated-core area is more practical than cutting foam sheets into a triangular 
shape and then inserting the resulting prism blocks between the unit cells. Two 
chemical components are used to manufacture the foam. Component A is termed a 
polyol blend (clear liquid) and component B is called Isocyanate (brown liquid). 
Here, both chemical components were mixed manually, and then poured into the five 
unit cells. Figure 3.12 shows a conventional corrugation as well one with a semi-
filled core and one with a fully-filled core. 
 
 
Figure 3.12: Carbon fibre corrugated-core sandwich structures (a) without foam, (b) 
semi-filled foam and (c) fully-filled with foam. 
 
In order to investigate the properties of the PU foam, the foam was cut into 25 mm 
cubes. The density of the foam was measured according to the ASTM D1622 
standard [3]. Figure 3.13 shows the free-rise rigid PU foam following manufacture 
and also a cube-shaped specimen with a measured density of 40 ± 5 kg/m
3
. 
 
     
Figure 3.13: (a) Free-rise in the rigid PU foam and (b) a cube-shaped foam block on 
the weight scale. 
(a) 
(b) 
(c) 
(a) 
 
(b) 
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3.4 Mechanical Properties of Materials 
The material properties of the constituent materials are one of the most important 
factors in determining the deformation characteristics of a structure. The material 
properties of corrugated-cores are commonly obtained from a standard tensile test. 
This type of test generally involves axially loading a specimen at both ends at a 
constant strain rate. In the present study, all of the static tests are conducted on an 
Instron 4204 testing machine. This machine is an electromechanical universal testing 
machine in which the forces are applied by a moving crosshead movement driven by 
a screw mechanism. Load-displacement traces are directly plotted from the measured 
loads and displacements. 
 
3.4.1 Tensile Test on the Aluminium Alloy 
A standard dog-bone shaped aluminium specimen of length, Lc was prepared based 
on the BS 10002-1[4] as illustrated in Figure 3.14. The dimensions of the specimen 
were 20 mm x 140 mm and a nominal thickness of 0.5 mm. The tensile tests were 
carried out at a crosshead speed of 1 mm per minute up to fracture. An extensometer 
with the original gauge length, GL = 50 mm was placed onto the specimen to record 
the extension. At least three tests were performed in order to obtain reliable data.  
 
 
 
 
 
 
 
Figure 3.14: Tensile test geometry of the metal specimen. 
 
3.4.2 Tensile Tests on the Composites 
Tensile tests were also conducted on the GFRP and CFRP composite laminates in 
accordance with the standard BS 527-4 [5]. The specimens were prepared by 
bonding aluminium end-tabs as shown in Figure 3.15.   
 
Figure 3.16 shows the tensile and in-plane shear test specimens, using a minimum of 
three test specimens (dimensions: 250mm length x 25 mm width x 1 mm thick). The 
GL 
Lc 
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tensile tests were performed using the Instron 4204 testing machine. Again an 
extensometer with a gauge length, GL = 50 mm was attached to the specimen in the 
longitudinal direction. Tests were undertaken at a constant crosshead speed of 1 mm 
per minute. 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Tensile test geometry for a composite specimen. 
 
 
Figure 3.16: Composite specimens for tensile and in-plane shear tests. 
 
In order to measure the Poisson’s ratio, a digital camera was placed in front of the 
tensile specimen to capture the relative displacements in the longitudinal and 
transverse directions from four targets placed at the target. A digital NIKON D5000 
camera was programmed using a personnel computer to capture images at a 
frequency of one frame per second to synchronise with an Instron machine recording 
data at the same frequency.  
 
GL= 50 mm 
150 mm 
250 mm 
25 mm 
4 x end-tab 
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The images were processed using the motion analysis software, ProAnalyst. This 
digital technique was used to avoid using 90
o
 bi-axial strain gauges to measure the 
Poisson’s ratio. Figure 3.17 (a) shows the set-up for a tensile test on a CFRP 
specimen and (b) the positioning of the target points in the x and y directions. Two 
target points were fixed in the longitudinal direction (T3 and T4), and two target 
points were fixed in transverse direction (T1 and T2). The targets were positioned 20 
mm apart in the x and y directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
Figure 3.17: (a) Tensile test set-up and (b) the configuration of the five target and 
tracking points in the longitudinal and transverse directions. The middle target point 
is the reference point.  
 
3.4.3 In-plane Shear Test on Composites 
A series of in-plane shear tests were undertaken on the composites to obtain the 
shear strength and shear modulus values. The tests were conducted on an Instron 
4204 in the tensile direction. The specimens were prepared by orientating the plies at 
±45
o
 and cut to similar dimensions as the standard tensile test coupon. The test 
procedure was similar to that adopted for the tensile specimens discussed above. 
Figure 3.18 shows the set-up for the in-plane shear test.  
T1 T2 
T3 
T4 
Ref. y 
x 
(a) 
 
(b) 
 
Chapter III                                                                               Experimental Procedure 
 
80 
 
 
Figure 3.18: Photo of an in-plane shear test on a composite specimen. 
 
3.4.4 Compression Tests on the Rigid PU Foam 
Compression tests on the rigid PU foam were conducted using an Instron 4204 
testing machine according to the ASTM D1621 standard [6]. All specimens were 
cubic in form with overall dimensions of 25 mm x 25 mm x 25 mm. Figure 3.19 
shows a typical specimen placed between the platens of the test machine. The 
specimens were deformed at a static loading rate of 1 mm per minute.  
 
 
Figure 3.19: The rigid PU foam under compression loading.  
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3.5 Static Compression Testing 
The static compression tests on the corrugated-core sandwich structures were 
conducted using an Instron 4204 testing machine. All of the test specimens were 
prepared in a rectangular form, being based on differing numbers of unit cells and 
thicknesses, a summary of sandwich specimens tested in this research is shown in 
Table 3.2.  
 
The specimen was placed between the platens of the machine as shown in Figure 
3.20 and was deformed by applying a uniform lateral compressive load at a quasi-
static rate of 1 mm per minute. At least three tests were carried out on each specimen 
type. Since the main area of interest was in the deformation behaviour of the 
structures, a high-resolution displacement measurement system was used to record 
the displacement data as well as to identify the failure modes. The previous method 
used to record the displacement data was adopted in this testing, with the frequency 
being set to one frame per second. As before, the images were processed using the 
ProAnalyst software package.  
 
Here, a digital camera was located in front of the sandwich structure to capture 
displacement of six targets, with three targets being located equally spread on the 
upper and lower platens. The first three targets (T1, T2 and T3) correspond to the 
moving points and the targets attached at the lower platen (T4, T5 and T6) are the 
reference points. Three targeted points were used to validate the displacement in the 
vertical direction relative to machine displacement, and to monitor any sliding 
motion (shear displacement) that occurred in contributing initial failure of the struts. 
The load-displacement trace from the testing machine was recorded until the 
specimen had been fully crushed. 
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Table 3.2: Summary of the aluminium alloy 2024-O, GFRP and CFRP structures 
investigated during the quasi-static compression study. 
Material Core ID 
No. of 
unit 
cell 
No. of 
plies 
Average 
core 
width, w 
(mm) 
Average 
core 
length, x 
(mm) 
Average 
wall 
thickness, 
H (mm) 
Average 
panel 
density, 
ρ(kg/m3) 
A
lu
m
in
iu
m
 A
ll
o
y
 
2
0
2
4
-O
  
 
AL1 1 
  
  
  
  
  
25 20 0.50 459 
AL2 2 25 40 0.50 459 
AL3 3 25 60 0.50 459 
AL4 4 25 80 0.50 459 
AL5 5 25 100 0.50 459 
G
la
ss
 F
ib
re
 R
ei
n
fo
rc
ed
 P
la
st
ic
  
GF2U1 1 2 25 20 0.19 228 
GF2U2 2 2 25 40 0.19 218 
GF2U3 3 2 25 60 0.19 213 
GF2U4 4 2 25 80 0.19 210 
GF2U5 5 2 25 100 0.19 202 
GF3U5 5 3 25 100 0.31 220 
GF4U5 5 4 25 100 0.43 238 
GF5U5 5 5 25 100 0.50 261 
GF7U5 5 7 25 100 0.77 292 
GF10U5 5 10 25 100 0.98 363 
GF2W50 5 2 50 100 0.19 214 
GF2W75 5 2 75 100 0.19 205 
GF2W100 5 2 100 100 0.19 202 
C
ar
b
o
n
 F
ib
re
 R
ei
n
fo
rc
ed
 P
la
st
ic
  
CF2U1 1 2 25 20 0.50 260 
CF2U2 2 2 25 40 0.50 259 
CF2U3 3 2 25 60 0.50 256 
CF2U4 4 2 25 80 0.50 248 
CF2U5 5 2 25 100 0.50 244 
CF3U5 5 3 25 100 0.89 296 
CF4U5 5 4 25 100 1.03 340 
CF5U5 5 5 25 100 1.10 350 
CF6U5 5 6 25 100 1.25 390 
CF2W50 5 2 50 100 0.50 249 
CF2W75 5 2 75 100 0.50 247 
CF2W100 5 2 100 100 0.50 243 
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Figure 3.20: (a) Photograph of the compression test set-up and the displacement 
measurement system, (b) front view of the specimen test set-up, (c) schematic of 
target points for measuring the displacement during the quasi-static compression test. 
(c) 
 
(b) 
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Recorder 
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Additionally, in order to study the effect of strain rate, several AL, GFRP and CFRP 
structures with H = 0.5 mm were subjected to compression at three crosshead 
displacement rates of 1, 10 and 100 mm per minute, respectively.  Table 3.3 
summarises the specimen geometry and machine speeds. Table 3.4 presents the 
dimensions of the composite corrugated-core specimens with or without filled foam. 
 
Table 3.3: Summary of the aluminium alloy 2024-O, GFRP and CFRP structures 
used for test at three different compression strain rates. 
Material Core ID 
Crosshead 
speed 
(mm/minute) 
No. of 
plies 
Average 
core 
width, w 
(mm) 
Average 
core 
length, 
x (mm) 
Average 
wall 
thickness, 
H (mm) 
Average 
panel 
density, 
ρ(kg/m3) 
A
L
 
ALS1 1  25 100 0.5 459 
ALS10 10  25 100 0.5 459 
ALS100 100  25 100 0.5 459 
G
F
R
P
 GFS1 1 5 25 100 0.5 261 
GFS10 10 5 25 100 0.5 261 
GFS100 100 5 25 100 0.5 261 
C
F
R
P
 CFS1 1 2 25 100 0.5 244 
CFS10 10 2 25 100 0.5 244 
CFS100 100 2 25 100 0.5 244 
 
 
Table 3.4: Summary of the GFRP and CFRP corrugated sandwich structures filled 
with PU foam used for quasi-static compression testing. 
Material Core ID Foam core 
No. of 
plies 
Average 
core 
width, w 
(mm) 
Average 
core 
length, 
x (mm) 
Average 
wall 
thickness, 
H (mm) 
Average 
panel 
density, 
ρ(kg/m3) 
G
F
R
P
 GFXPU - 5 25 100 0.5 261 
GFPUS Semi 5 25 100 0.5 280  
GFPUF Full 5 25 100 0.5  310 
C
F
R
P
 CFXPU - 2 25 100 0.5 244 
CFPUS Semi 2 25 100 0.5  260 
CFPUF Full 2 25 100 0.5  281 
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3.6 Arcan Test 
The Arcan test [7, 8] was used to investigate the failure behaviour of corrugated-core 
specimens under combined shear and compression/tensile loading. The test was used 
to derive a new bi-axial loading failure criterion under for the corrugated-cores. The 
rig consists of two pairs of plane semi-circular loading plates with non-symmetric 
cutouts, as shown in Figure 3.21.  
 
The specimen was attached to these plates via loading platens. The two pairs of 
loading plates were loaded by the universal test machine in the compression loading 
direction. The array of bolt holes in the loading plates allows the loading plates to be 
attached to the grips at different orientations. This allows a range of values of the 
angle α (from 0o to 90o with 11.25o increments for each bolt hole) between the plane 
of the specimen and the loading direction, and hence a variation in the ratio tan(α) of 
compression to shear loads applied to the specimen. 
 
Due to limitations in the dimensions of the 100 mm x 80 mm loading platen, the 
corrugated-core specimens were prepared by cutting the core to 25 mm wide and 90 
mm long, as shown in Figure 3.22. Although the aim of the test is to examine the 
behaviour of the corrugated-core only, the skins were not bonded to the core during 
the test. Therefore, the skins do not affect the behaviour of the core in the rig, as the 
loading platens acted as real skins. The core was bonded inside five grooves (with a 
0.1 mm depth) in each loading platen, using epoxy adhesive Araldite 420A/B. The 
grooves were introduced to firmly hold the sharp edges of the core, and to ensure a 
consistent thickness of the adhesive. The specimen was then placed in an oven at 
120
o
C for 60 minutes in order to cure the adhesive. After cooling to room 
temperature, the upper and lower platens were bonded to the test specimen and then 
fixed to the semi-circular loading plates. Loading was monotonic up to failure, at a 
quasi-static rate of 0.5 mm per minute.  
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Figure 3.21: (a) Photo of the modified Arcan test rig, (b) a schematic diagram of the 
arrangement for a pure shear (α = 0o) Arcan test, and (c) at a 67.5o rotation to give a 
combined compression-shear loading condition. 
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Figure 3.22: (a) Cross-section showing the bonding areas of the specimen to the 
loading platens, (b) a photo of a CFRP specimen bonded between two loading 
platens. 
 
In order to cover a wide range of loading conditions from pure shear to pure 
compression, the tests were undertaken at five different angles, those being of α = 0o, 
22.5
o
, 45
o
, 67.5
o
 and 90
o
. At least three tests were carried out at each angle. A 
summary of the Arcan test procedure is given in Table 3.5.  
 
Table 3.5: A summary of the specimen configurations for the Arcan tests. 
Angle, α 
AL,  
H = 0.5 mm 
5-ply GFRP,  
H = 0.5 mm 
2-ply CFRP,  
H = 0.5 mm 
0
o
 ALS0 GFS0 CFS0 
22.5
o
 ALS22.5 GFS22.5 CFS22.5 
45
o
 ALS45 GFS45 CFS45 
67.5
o
 ALS67.5 GFS67.5 CFS67.5 
90
o
 AL90 GF90 CF90 
 
2 mm 
90 mm 
0.1 mm 
Section B (a) 
 
(b) 
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Two calibration tests were carried out prior to undertaking the Arcan test 
programme. To measure the initial stiffness accurately, a compliance test of the 
machine was used. Here, the two loading platens were bonded together using the 
same epoxy adhesive as used to bond the core structure to the loading platens. Load 
was applied until the adhesive failed. This test was then used to generate a linear 
load-displacement calibration curve, which was then subtracted from each test result 
to correct for unwanted displacements due to the elastic stiffness of the adhesive as 
well as that associated with the compliance of the test machine. A FORTRAN 
computer program was developed and used to get the corrected curves by means of 
subtracting the compliance curve (see Appendix B). All the displacement correction 
tests were conducted before commencing of the actual test specimen. 
 
Next, the joint between the Arcan grips and the Instron testing machine included 
three pins, ensuring that both the horizontal and vertical displacement are controlled, 
as well as ensuring that the rotation of the grip is zero. Since the Arcan fixture is in a 
fully clamped configuration, rotations at the connecting points are prohibited. As a 
result, a horizontal load (Ph) is generated which needs to be accounted for in the 
analysis [9]. To measure the value of Ph, the vertical load applied to the corrugated 
core was measured directly from the machine load cell. The horizontal force was 
determined by conducting a simple pre-calibration exercise to obtain the transverse 
compliance of the rig [10].  
 
Figure 3.23 shows the case where the compression load is applied with the loading 
platens set at 45
o
 and separated by a 0.08 mm-thick Teflon film (a nearly frictionless 
layer) to allow free sliding of the two platen surfaces. Two digital dial gauges were 
positioned at both sides of the loading plates to measure the relative horizontal 
displacement (dh). With this test arrangement, the imposed vertical force and the 
generated horizontal load acting at the grips are equal and a relationship between the 
Ph and dh can be established. Thus, it is a straightforward transformation exercise to 
establish the horizontal force that was developed during the test.  
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Figure 3.23: (a) Experimental test arrangement for the calibration test involving 
contact between two frictionless surfaces. The horizontal displacements are 
measured using two digital dial gauges, (b) close-up of the contact zone between the 
two frictionless platens and (c) the platen surfaces are covered with a Teflon film.  
 
  
(a) 
 
(b) 
 
(c) 
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3.7 Low Velocity Impact Test 
The low impact response of the corrugated-core sandwich structures were assessed 
using an instrumented drop-weight impact rig as shown in Figure 3.24. The impact 
test relies on the free fall of a known mass to supply the energy required to crush the 
specimen. The kinetic energy of the impactor can be adjusted by varying its drop 
height or its mass. In this study, a 1.247 kg impactor, M was used over a range of 
velocities of 0.99 ~ 4.43 m/s in order to characterise the dynamic response of the 
structures.  A flat rectangular impactor, with dimensions of 120 mm x 80 mm, was 
used to strike the specimens. 
 
 
Figure 3.24: The instrumented drop-weight impact test set-up adopted for testing the 
corrugated-core sandwich structures.  
 
The movement of the impactor was restricted by two rails with a ±0.5 mm clearance 
and was covered with grease from both sides of the rail. Note that frictionless contact 
was assumed between the guide rails and the impactor. When the impactor came in 
contact with the top surface, the specimen progressively crushed to the bottom. By 
neglecting the small rebound energy, it is assumed that the kinetic energy is 
completely absorbed by the specimen. 
High speed video camera 
Computer #1: Voltage output data 
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amplifier 
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A 10 kN piezoelectric load cell (Kistler type 9321A) was used to measure the force-
time histories during the impact events. The load cell was connected to a charge 
amplifier (Kistler type 5011) using an insulated coaxial cable. The load cell was 
initially held between two bolts to give pre-compression mode and then placed 
between the upper and lower steel plates, as shown in Figure 3.25.  
 
Impacting the specimen initiated a signal to the load cell. The voltage signal 
generated by the load cell was amplified and filtered using the charge amplifier. The 
signal was then converted from an analog to a digital signal by a DAQ device 
(Measurement Computing, USB 1208HS) and recorded using the computer. The 
voltage was then converted to force (N) using a scale factor supplied by the 
manufacturer, as given in Table 3.6. 
 
 
 
Figure 3.25: (a) A closer view of the test set-up for a drop-weight impact test, (b) a 
schematic diagram illustrating the test assembly, showing how the load cell is 
connected between the impactor and the mass.  
 
A high-speed video camera (MotionPro X4, model no. X4CU-U-4) was used to 
capture the velocity and displacement of the impactor. The frequency of the video 
camera was set to 10,000 frames per second. The video camera was positioned in 
front of the impact tower in order to track the movement of the impactor by the 
y 
x 
Total mass, M 
Velocity, v 
Specimen 
Load cell 
Impactor 
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target, and to capture the deformation of the structures during the impact event. A 
MotionPro software, Version 2.30.0, was used to record the images into a video file. 
  
Table 3.6: Details of the piezoelectric load cell (Kistler type 9321A). 
Setting Value (Unit) 
Transducer sensitivity 3.97 (pC/N) 
Measurement range 0 -10 (V) 
Maximum load 10 000 (N)  
Scaling factor 1 000 (N/V) 
 
The captured images were analysed using the motion analysis software, ProAnalyst, 
where the images were calibrated and processed, from the information in pixels to 
the required parameter for example the displacement, velocity or acceleration of the 
impactor. In this study, only the displacement and velocity data in the y-direction 
were considered. All of the specimens were fabricated as described in Section 3.2. A 
summary of the parameter adopted for the low velocity impact test studies is given in 
Table 3.7. 
 
Table 3.7: A summary of the corrugated-core impact test specimens undertaken at 
five different velocities. 
 
Material 
 
No. of 
plies 
Average wall 
thickness,  
H (mm) 
Initial 
velocity,  
v (m/s) 
Impact 
energy, (J) 
 
AL  0.5 
0.99 
1.40 
1.98 
3.13 
4.43 
0.61 
1.22 
2.45 
6.12 
12.23 
 
GFRP 
 
5 
 
0.5 
CFRP 2 0.5 
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3.8 Failure Mechanisms and Damage Characterisation 
Finally, a microscopy study, using an optical microscope camera (Infinity 2, 
Lumenera Corporation) as shown in Figure 3.26, was performed to elucidate the 
failure mechanisms during the tests.  
 
 
 
Figure 3.26: Optical microscope equipment that was used in the study. 
 
After testing, the sandwich specimens were removed, sectioned and polished to a 
1200 grit finish using silicon carbide paper.  The specimens were then viewed under 
the microscope to investigate changes in the failure mechanisms as a function of 
thicknesses, number of unit cells following testing at quasi-static tests and selected 
specimens from dynamics events.  
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3.9 Summary of Chapter III 
Chapter III presented details of the fabrication of the mould and the corrugated-core 
sandwich structures, the experimental set-up as well as the testing procedure for both 
quasi-static and dynamic loading. In this chapter, the corrugated-core sandwich 
structures were fabricated from three different materials, these being aluminium, a 
woven GFRP and a woven CFRP. The fabrication process and the specimen 
geometries were explained in detail. The basic mechanical properties of the materials 
were examined via tensile, in-plane shear for the AL, GFRP and CFRP corrugations. 
The Arcan test procedure was used to investigate complex loading conditions. 
Finally, the corrugated sandwich structures were filled with a low density rigid PU 
foam in order to investigate the effect of applying an additional internal support (i.e. 
the foam) on the compression response of these novel corrugations. 
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4.1 Introduction 
This chapter presents the experimental results obtained during this research work. 
Here, the results from a series of tensile and in-plane shear tests will be evaluated 
and analysed. Subsequently, the results of tests on the sandwich structures under 
lateral quasi-static and dynamic compression tests will be discussed. Following this, 
the behaviour of the structures under combined loading (shear and compression) will 
also be discussed. Finally, the failure mechanisms observed in the structures during 
and after the tests will be presented and characterised. 
 
4.2 Mechanical Properties of Materials  
This section discusses the results obtained from a series of tensile, in-plane shear and 
Arcan tests on the AL, the GFRP and the CFRP laminates.   
 
4.2.1 Tensile Tests on the Aluminium Alloy 
When loaded in tension, the AL will undergo elastic and plastic deformation phases. 
Initially, the specimen tested here deformed elastically, giving a linear relationship 
between load and extension. These two parameters were then used to calculate the 
engineering stress versus engineering strain curves, such as that shown in Figure 4.1. 
Here, the engineering stress and strain were calculated using: 
 
 
oA
P
=s                    4.1 
 
oo
of
L
L
L
LL
ε Δ=
-
=                   4.2 
 
where σ is the engineering stress, ε is the engineering strain, P is the external axial 
load, Ao is the original cross-sectional area of the specimen, Lo is the original length 
of the specimen and Lf  is the final length of the specimen. 
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Figure 4.1: Engineering stress-strain curves for the aluminium alloy (AL 2024-O), 
following three tensile tests. 
 
Since the specimen dimensions can potentially change significantly from their 
original values during the test, the engineering stress-strain curve must be interpreted 
with caution beyond the elastic limit. Here the true stress, σt = P/A gives a more 
direct measure of the material response in the plastic flow range, where A is the 
specimen cross-sectional area. The true strain, εt is calculated by dividing the 
incremental displacement dL by the instantaneous length L: 
 
o
L
Ltt L
LdL
L
ε
L
dLεd
o
ò ==®= ln
1
                4.3 
 
where ratio L/Lo is the extension ratio. The relationships between the true and 
engineering values of tensile stress and strain can be shown to be: 
 
( )εσσ t += 1                    4.4 
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Figure 4.2 shows the true stress-strain curve for an aluminium alloy specimen in 
which the graph is plotted using the true engineering values of stress and strain given 
in Equations 4.4 and 4.5. 
 
Figure 4.2: True tensile stress-strain curve for an aluminium alloy specimen 
(TTAL3). 
 
For purposes of numerical modelling, the plastic strain response, εp is required for 
the isotropic-strain hardening material model. A summary of the data for the 
aluminium alloy is given in Table 4.1. The plastic strain data is obtained from: 
 
÷
ø
ö
ç
è
æ-=
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From the tensile test results, specimen TTAL3 shows a high degree of ductility. The 
fracture characteristics in this specimen are shown in Figure 4.3.  
 
 
Figure 4.3: Tensile failure at approximately 40o to the loading axis (specimen 
TTAL3). 
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Necking initiated when the stress-strain curve passed the maximum point, where 
plastic deformation is no longer uniform. Just prior to fracture, a shear plane at 
approximately 40o to tensile axis formed in the specimen.  
 
Table 4.1: Tensile stress-strain data for the aluminium alloy. 
Engineering 
Stress, σ (MPa) 
Engineering 
Strain, ε 
True Stress, σt 
(MPa) 
True Strain, εt 
Plastic Strain, 
εp 
70.8 0.0026 71.0 0.0026 0 
103.1 0.01 104.1 0.0100 0.0085 
130.1 0.02 132.7 0.0198 0.0179 
147.3 0.03 151.7 0.0296 0.0275 
158.3 0.04 164.7 0.0392 0.0369 
166.5 0.05 174.8 0.0489 0.0464 
180.7 0.10 198.8 0.0953 0.0925 
183.4 0.15 210.9 0.1398 0.1368 
184.9 0.20 221.8 0.1823 0.1792 
186.1 0.2033 223.9 0.1851 0.1819 
 
 
4.2.2 Tensile Tests on the Composites 
Typical stress-strain curves for the GFRP and CFRP are given in Figures 4.4 and 4.5, 
respectively. Here, the composite laminates exhibited a roughly linear response up to 
the maximum stress value. At this point, the composite failed in a catastrophic 
manner across the width of the sample, as shown in Figure 4.6, provoking a rapid 
drop in the stress-strain curve. The CFRP specimens exhibited a higher tensile 
strength (XT = 550 MPa) and a more brittle response (strain to failure, εf  = 0.013) 
than the GFRP specimen (XT = 320 MPa , εf  = 0.024). 
Chapter IV                                                                                    Experimental Results 
 
101 
 
 
Figure 4.4: Typical tensile stress-strain curve for a GFRP specimen. 
 
Figure 4.5: Typical tensile stress-strain curve for a CFRP specimen. 
 
  
Figure 4.6: Typical tensile failure modes in the woven composite (CFRP specimen) 
following tensile testing.   
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The Poisson’s ratio was subsequently calculated from the tracking displacement data 
using: 
 
y
x
d
d
e
eu -=                    4.7 
 
From the analysis, the Poisson’s ratios for the CFRP and GFRP specimens are 
shown in Figures 4.7 and 4.8, respectively. 
 
 
 
Figure 4.7: Plot of the strain in transverse x-direction versus strain in the longitudinal 
y-direction. The slope of the line gives the value of the Poisson’s ratio for this woven 
CFRP specimen, i.e. υ = 0.10. 
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Figure 4.8: Plot of the strain in transverse x-direction versus strain in the longitudinal 
y-direction taken from the relative displacement images analysis. The slope of the 
line gives the value of the Poisson’s ratio for this woven GFRP specimen, i.e. υ = 
0.15. 
 
4.2.3 In-plane Shear Tests on the Composites 
For the ±45o tensile specimens, the shear stress-strain values were determined 
according to:  
212
yστ =                                      4.8 
xy εεγ -=12                    4.9 
 
where τ12 is the shear stress, σy is the tensile stress in the specimen, γ12 is the shear 
strain, εy is the strain in the loading direction and εx is the strain at 90o to the loading 
direction. The in-plane shear-stress versus strain curves exhibit a non-linear response 
throughout the loading range. Figures 4.9 and 4.10 show the shear stress-strain 
curves for the GFRP and CFRP specimens, respectively. Here, the CFRP specimen 
exhibits a higher shear strength (SL = 120 MPa) and ultimate shear strain compared 
to the GFRP specimen (SL = 100 MPa).  
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Figure 4.9: Typical in-plane shear stress-strain curve for a GFRP specimen. 
 
 
Figure 4.10: Typical in-plane shear stress-strain curve for a CFRP specimen. 
 
4.2.4 Relative Density 
When characterising the mechanical properties of a corrugated-core specimen, it is 
appropriate to determine its specific properties by dividing the density of the 
corrugated-core, ρ by the overall density of the core, ρs. As discussed in Section 3.3, 
using the geometrical parameters given in Figure 3.8, a derivation of the relative 
density of the core ρ* is: 
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4.2.5 Compression Tests on the Rigid Polyurethane Foam 
The rigid polyurethane (PU) foam used in the study was manufactured from two 
liquid chemical components. Prior to use, it is necessary to determine the behaviour 
of the foam, its modulus of elasticity, its compressive strength and its energy 
absorption characteristics.  
 
Figure 4.11 shows the mechanical response during a uniaxial compression test. 
Compression in the rigid PU foam gives rise to the three phases of response, each 
corresponding to distinct deformation mechanisms. The initial linear elastic response 
was controlled by elastic axial compression and bending of cell edges, stretching of 
cell faces and compression of the gas within closed cells [1]. Deformation during this 
phase was small and uniformly distributed throughout the specimen. In the plastic 
plateau region, the cells collapse via buckling, plastic deformation or rupture of the 
cell walls and edges. Final densification was associated with completely collapsed 
cells being compacted against one another. Plastic collapse caused the cells to 
crumple in the compressive direction and the foam to become thin. Deformation was 
uniformly distributed and the stress rises steeply as the material is compressed. The 
compression stress is determined by dividing the load by cross-sectional area of the 
foam and the energy absorption was calculated from the area under the curve up to 
the point of densification, typically at 60% of strain.  
 
Anisotropy can sometimes be very significant in some types of foam. Alias et al. [2] 
reported that the compression yield values varied slightly but the elastic modulus 
remained almost constant in the three different principal directions.  In this study, it 
is assumed that the rigid PU foam behaves as an isotropic material, therefore the 
compression response is uniform in all principle directions.   
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Figure 4.11: Typical compression stress-strain behaviour of a rigid PU foam; (a) at 
the yield point and (b) at 60% strain where the densification begins.    
 
 
4.3 Static Compression Test  
Quasi-static compression tests were carried out to determine the compression 
strength and stiffness of the specimens under lateral compression loading.  
 
4.3.1 Model of the Compressive Response of the Corrugated-core Sandwich 
Structures 
Consider a model of a corrugated-core with geometrical quantities as specified in 
Figure 4.12 subjected to an applied load. When the sandwich structure is subjected to 
a compressive load 5P, it is assumed that all of the unit cells are subjected to the 
same load, as shown in Figure 4.12(b). As a result of symmetry of the triangular 
profile, each of the core members can be considered as a cantilever beam subjected 
to the same axial compression load N, bending moment M and shear load R, as 
illustrated in Figure 4.12(c). Here, no deformation is permitted at end of the lower 
core member.   
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Figure 4.12: (a) A five unit cell sample under compression loading, (b) a single unit 
cell showing the deformed behaviour (dashed-line), (c) a free-body diagram of a 
compression loaded core member.  
 
Considering equilibrium of loads in the y-direction, it can be shown that:  
2
cossin R=+ qq RN                                      4.11 
The bending moment M and the shear load R are related through: 
2
RLM =                                  4.12 
The deformation δ then can be written in terms of the displacement parameters of Ф1 
and Ф2 as: 
dqq =F+F cossin 21                4.13 
 
where the relationship between the Ф1 and Ф2 is: 
qtan21 F=F                            4.14  
 
Using classical beam theory, the relationship between the displacement parameters 
and the loads acting on the core member can be written as follows: 
 
Applied load, 5P 
θ 
H 
(a) 
(b) (c) 
y 
x 
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EA
NL
=F1                             4.15
 
EI
RL
122
=F                             4.16  
where A is the cross-sectional area (= wH), I is the moment of inertia (= wH3/12) and 
E is the Young’s modulus of the core.      
            
By substituting Equations 4.14 to 4.16 into Equation 4.13, and then solving the 
resulting expression using Equation 4.11, the relationship between the load P and the 
deformation δ can be shown to be: 
 
 
dqq3
2222 )cossin(2
L
HLEHw +
=R                          4.17 
 
As noted previously, this analysis assumes specific boundary conditions, which in 
turn assumes symmetry and full constraint at the apex.  
 
In contrast, if debonding occurs between the core and the skins during the initial 
stages of compression loading, the core can be assumed to be pin-jointed to the skins 
[3], and then the load-displacement relationship is given by: 
 
 
d
L
EHw5=R                                           4.18 
 
In predicting the strength of a corrugated-core, Kazemahvazi and Zenkert [4] 
reported that Euler buckling and core shear buckling are two possible modes of local 
elastic buckling in the inclined cell wall under lateral compression loading. Here, the 
Euler buckling load PE, can be estimated from classical buckling theory [5, 6] using: 
  
 
2
22
 
L
EI
E
pl=R                             4.19 
 
where λ is a factor dependant on the boundary conditions, e.g. λ = 2 for a beam with 
built-in ends. Assuming perfect bonding between the core and the skins, the value of 
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PE for a corrugated structure can be expressed as: 
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Since θ = 45o in this study, Equation 4.20 can be simplified to: 
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When considering core shear buckling, Xiong et al. [7] stated that it is reasonable to 
neglect the shear stiffness of the skins and assume that the shear rigidity of the 
sandwich structure is approximately equal to that of the corrugated-core. Therefore, 
the core shear buckling load  PS ≈ Gcwxsinθ, where Gc is the effective shear modulus 
of the corrugated-core, which can be approximated by [3]: 
 
θρEGc 2sin4
* 2=
                                           
4.22 
 
substituting Equation 4.10 into Equation 4.22, gives: 
 
q2sin
2L
EHGc =
                                
4.23 
 
Thus, 
 
qq sin2sin
2
 
L
xwEH
S =R                                          
4.24 
 
If the two buckling loads associated with macro-buckling in the sandwich structure, 
PE and PS differ greatly, then Equations 4.21 and 4.24 can be used to estimate the 
critical buckling load, Pcr, ( i.e. if PS > PE, then Pcr ≈ PE, and vice-versa). However, if 
the Euler and core shear buckling loads are of similar magnitude, interaction 
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between buckling modes must be considered. In this case, the critical buckling load 
can be estimated from [8]: 
 
SEcr R
+
R
=
R
111
                                                          
4.25 
 
 
4.3.2 The Compression Behaviour of the Aluminium Corrugated-Core 
Sandwich Structures 
A typical load-displacement trace for an aluminium corrugated-core sandwich 
structure is presented in Figure 4.13.  
 
 
 
 
 
 
 
 
Figure 4.13: (a) Typical load-displacement curves for the AL sandwich corrugated-
core structures. (b)  Photographs of progressive damage development in structures 
based on five unit cells in (a). (c) Debonding at an end of the core after loading (b – 
III). (d) Crumpling after the corrugated-core has been almost completely flattened.  
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The deformed shapes of this ductile specimen, at various levels of prescribed 
displacement were recorded using a high speed video camera. Upon loading, the 
specimen exhibited an initial non-linear response. This may be due to effects 
associated with the machine compliance and, perhaps due to the fact that the skins 
may not be fully parallel to each other. As a result, the initial deformation of the 
structure is likely to be influenced by the effective flattening of the specimen. After 
this initial “stiffening”, the specimen responds in a linear fashion (Region I) up to the 
first peak in the trace, with deformation being symmetrical about the axis of loading. 
After reaching the peak load, one of the struts in the corrugated-core was partially 
bent and as a result, the overall stiffness of the specimen decreased. The load 
required to further deform the sample gradually decreases due to the propagation of 
localised buckling across the width of the corrugated-core.  
 
The response then becomes progressively nonlinear (Region II). This is followed by 
a sudden drop in the applied load as the structure loses stability due to plastic 
buckling. In Region III, the corrugated-core takes on a trapezium shape and the 
applied load starts to increase again due to interactions between the surfaces of the 
cell walls and the uppermost skin. Finally, in Region IV the corrugated-core has 
been completely densified, resulting in certain cases, in debonding at the edges of the 
specimen. This debonding occurs since the level of adhesion between the core and 
skin is not sufficient to transmit the shear force to the core. The evidence from these 
tests on the aluminium corrugations indicates that elastic buckling, plastic 
deformation and the formation of plastic hinges are the dominant failure mode in this 
material. 
 
Figure 4.14 shows the load-displacement traces following compression tests on AL 
sandwich specimens based on one to five unit cells. It is clear that all of the 
specimens deformed in an acceptable fashion except for one unit cell. From the 
investigation, the five unit cells specimen withstands a higher compression load and 
offers a higher energy absorption capability (larger area under the curve) compared 
to the other specimens. 
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Figure 4.14: Comparison of the load-displacement traces for AL sandwich 
specimens based on 1, 2, 3, 4 and 5 unit cells. 
 
However, for a single unit cell specimen, after reaching the maximum peak load, the 
strut buckled and then debonding occurred at the edge, leading to a less of contact 
between the midsurface and the upper skin. Under further loading, the load remains 
constant until all of the constituents of the structure (upper skin, core and lower skin) 
become in contact and then the core is densified.  
 
 
4.3.3 The Compression Behaviour of the GFRP Corrugated-Core Sandwich 
Structures 
Typically, the load-displacement traces for the GFRP corrugated-core sandwich 
structures exhibited a brittle type of behaviour, involving extensive crushing as 
shown in Figure 4.15.  
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Figure 4.15: (a) Typical load-displacement curve for a GFRP sandwich corrugated-
core structure. (b)  Photographs of progressive damage development in a five unit 
cell specimen in (a). (c) Failure mode images after crushing process. 
 
The load increases linearly up to the first peak, with deformation in the core being 
symmetrical about the axis of loading. In Region II, initial cell wall buckling was 
visible, followed by compressive failure at the peak load. The load then 
progressively decreases as fibres begin to fracture in the middle of individual struts. 
Subsequent failure involved the formation of hinges in the middle of the cell wall 
and then progressive crushing at the cell wall close to lower skin, as evidenced in 
Region III. Finally, in Region IV the corrugated-core is completely crushed, and the 
core is fully flattened. An examination of the failed samples in Figure 4.15(c) 
indicates that additional failure mechanisms involved in the crushing process include 
delamination between the plies and debonding of the adhesive between the core and 
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skin surfaces. Meanwhile, based on the observations of different numbers of unit 
cells, elastic buckling was the dominant initial failure mode for this type of material.  
 
In order to further investigate the mechanical response of the cores, the load-
displacement traces are compared following tests on specimens with differing 
number of unit cells (ηx), cell wall thicknesses (ηH) and different widths (ηw). 
 
 
Figure 4.16: Comparison of load-displacement traces for GFRP sandwich specimens 
based on 1, 2, 3, 4 and 5 unit cells. (Note that these are GFRP specimens of 2-ply 
thickness. The term of ηx is an aspect ratio based on the number of unit cells in x-
direction relative to a specimen having 5 unit cells, GF2U5). 
 
Figure 4.16 shows the compression responses of the GFRP sandwich specimens. 
Based on these observations, it was evident that just after the peak load, the fibres 
starts to fracture, and the crushing process continues until densification region.  With 
an increase in the number of unit cells, the compression loads rise significantly. 
Clearly the core based on five unit cells (GF2U5) has a higher strength than the other 
specimens.   
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Figure 4.17: Comparison of load-displacement traces following tests on five unit cell 
sandwich structures based on between 2 and 10 plies of GFRP. (Note that the term of 
ηH is a normalised average thickness of the corrugated-cores relative to the 2-ply 
specimen, GF2U5). 
 
Figure 4.17 shows that the compression strength increases with increasing cell wall 
thickness in the core, ηH. The thickest core (GF10U5) exhibited a combination of 
fracture mechanisms immediately after the sudden load drop, as the composite layers 
delaminated and the edges of the specimen debonded.  However, at displacements 
between 1 mm and 2 mm, the struts progressively crush and above a displacement of 
3 mm, all of the cores are flattened. 
 
Here, the five unit cell GFRP specimen based on two plies is taken as a reference to 
compare the influence of different specimen widths, ηw. Figure 4.18 shows that the 
wider specimen with ηw = 4 (GF2W100) is approximately six times stronger than the 
reference specimen and capable of absorbing more energy than the other widths. 
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Figure 4.18: Comparison of the load-displacement traces for the GFRP corrugated-
core sandwich specimens based on spans of 25, 50, 75 and 100 mm, respectively. 
(Note that these GFRP specimens are based on 2-ply cores with 5 unit cells. The 
width aspect ratio ηw is relative to a 25 mm wide specimen, GF2W25). 
 
 
4.3.4 The Compression Behaviour of the CFRP Corrugated-Core Sandwich 
Structures 
The failure processes in the CFRP corrugated-core are shown in Figure 4.19, where 
initial failure was dominated by cell wall buckling. Generally, the load-displacement 
plot is steeper than that for the AL corrugated-core and the post-damage failure 
modes are similar to the GFRP corrugated-core sandwich structure. Following the 
initial linear response, the structure buckles and load in the cell wall drops gently 
(Regions I-II). Subsequent failure involves fibre fracture, delamination and 
debonding between the core and the skin (Regions III-IV). Figure 4.19(c) shows the 
failure modes after the crushing process is complete involving the formation of 
hinges in the middle of the cell wall after fibre fracture, delamination and debonding 
at both ends. As before, elastic buckling was the dominant initial failure mode in 
these CFRP specimens.  
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Figure 4.19: (a) Typical load-displacement curve for a CFRP sandwich corrugated-
core structure. (b)  Photographs of progressive damage development in five unit cell 
corrugations in (a). (c) Failure modes after crushing process.  
 
Figure 4.20 shows that the strength of the CFRP sandwich structure increases 
significantly as the number of unit cells increases. Similarly, Figure 4.21 shows that 
the structure with the greatest cell wall thickness (CF6U5) is capable of carrying a 
load of approximately 35 kN. Finally, with increasing width, the maximum load 
trends to increase. Here the CF2W100 specimen is approximately six times greater 
than the reference structure (CF2W25), as shown in Figure 4.22. 
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Figure 4.20: Comparison of load-displacement traces for CFRP sandwich specimens 
based on 1, 2, 3, 4 and 5 unit cells. (Note that these are CFRP specimens based on 2 
plies and the term of ηx is an aspect ratio based on the number of unit cells in x-
direction relative to 5 unit cells, CF2U5). 
 
Figure 4.21: Comparison of load-displacement traces for CFRP specimens based on 
between 2 plies and 6 plies. (Note that these CFRP specimens contained 5 unit cells 
and ηH is a normalised average thickness of the corrugated-cores relative to the 2-ply 
specimen, CF2U5). 
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Figure 4.22: Comparison of the load-displacement traces of CFRP corrugated-core 
sandwich specimens based on spans of 25, 50, 75 and 100 mm, respectively. (Note 
these specimens are based on 2 plies with 5 unit cells. The aspect ratio of the width, 
ηw is relative to a width of 25 mm, CF2W25). 
 
4.3.5 The Influence of Crosshead Displacement Rates 
The influence of varying the compression displacement rate was investigated by 
changing the crosshead speed of the testing machine. In Figure 4.23, the resulting 
load-displacement curves of the specimens show an increasing peak load. The 
strength of the CFRP specimens in Figure 4.23(c) significantly increased from a 
crosshead speed of 1 to 100 mm per minute. The damage modes were similar to 
those observed earlier in the AL, GFRP and CFRP specimens, since compression 
displacement rates up to 100 mm per minute are still considered as being in the 
quasi-static loading range. 
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Figure 4.23: Comparison of load-displacement traces of corrugated-core specimens 
following testing at different compression displacement rates of 1, 10 and 100 mm 
per minute; (a) AL, (b) GFRP and (c) CFRP. 
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4.3.6 The Behaviour of the Composite Sandwich Structures filled with the Rigid 
Polyurethane Foam 
The load-displacement traces for the GFRP and CFRP corrugated-core sandwich 
structures with and without foam are presented in Figures 4.24 and 4.25, 
respectively. 
 
 
Figure 4.24: Comparison of load-displacement traces for the GFRP corrugated-core 
specimens for three different foam-filled core configurations. 
 
Figure 4.25: Comparison of load-displacement traces for the CFRP corrugated-core 
specimens for three different foam-filled core configurations. 
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From the figures, it is clear that the corrugated-core sandwich structures completely 
filled with foam (GFPUF and CFPUF) exhibit higher compression loads compared 
to the conventional corrugated-core and the semi-filled core (GFPUS and 
CFPUS).The load initially increases linearly up to the first peak, with deformation in 
the core being symmetrical about the axis of loading, as shown in Figure 4.26(a).  
The triangular corrugations were restrained by the upper and lower foam cores 
holding the struts during this early stage. In Figure 4.26(b), buckling in the five struts 
is observable, followed by compressive failure at peak load. The load then 
progressively decreases as fibres begin to fracture in the middle of individual struts 
and the foam is being compressed. Failure involved the formation of hinges in the 
middle of the cell wall and progressive crushing at the cell wall close to lower skin, 
as shown in Figure 4.26(c). Finally, the sandwich structure is completely crushed, 
and the core is fully flattened. This evidence indicates that the peak load almost 
doubles, reducing the sudden drops after peak load and increasing the energy 
absorption as a result of the interaction between the triangular corrugation and the 
inserted foam. 
 
 
 
 
 
 
 
Figure 4.26: Photographs of progressive damage development in the CFPUF 
sandwich structure during (a) initial compression, (b) buckling in the cell wall 
structure and (c) core crushing.  
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Figure 4.27 shows the progressive damage development in the semi-filled 
corrugated-core sandwich structure. An observation of the structure during testing 
showed the once buckling of the middle strut had occurred, the buckled strut 
propagated easily into the unfilled area, see Figure 4.27(b).  Further loading resulted 
in the structure collapsing as the lower foam compressed and debonding occurred at 
both ends. Delamination also occurred as the compression load progressively 
crushed the cores, as shown in Figure 4.27(c). This semi-filled configuration offers a 
peak load that is higher than the conventional corrugated-core (GFXPU). After the 
struts break, interactions between the surfaces of the cell walls and the lower foam 
increase the compression load again. Such interaction increases the energy 
absorption capability of the structure. 
 
 
 
 
 
 
 
Figure 4.27: Photographs of progressive damage development in the GFPUS 
sandwich structure during (a) initial compression, (b) the buckling process and (c) 
the final stages of testing.  
 
 
4.4 Arcan Tests 
The Arcan tests were carried out to determine the mechanical responses of the 
specimens under mixed-mode loading conditions.  
 
(a) 
(b) 
(c) 
10 mm 
Buckling  
Adhesive debonding Delamination Fibre fracture 
Chapter IV                                                                                    Experimental Results 
 
124 
 
4.4.1 Model of Compressive-Shear Response of the Corrugated-core Structure 
Consider a model of a corrugated-core with geometrical quantities as specified in 
Figure 4.28. Figure 4.28(a) shows a schematic diagram of the combined normal (n) 
and tangential (t) loading conditions on the top of one of the platens. The figure is 
characterised by a mixed-mode loading angle α, and the resultants of displacement δ, 
and an applied load P. The corrugated-cores investigated in this study can be 
considered as consisting of nine thin plates with a thickness to length ratio (H/L) of 
0.035 and a thickness to width ratio (H/w) of 0.02. Given these values, the 
contribution to overall stiffness from bending of the constituent plates is negligible 
compared to that from stretching, as noted previously by Côté et al.[3].  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28:  (a) A schematic of a mixed-mode loading condition on a corrugated-
core structure, (b) a free body diagram of a single unit cell of the corrugated-core. 
 
In Figure 4.28(b) it is assumed that the connections between adjacent plates can be 
regarded as pin-jointed. Now, for the case where the single unit model is subjected to 
an inclined load P at an angle α, the relationships between the applied load P and the 
tangential and normal displacements, δt and δn, can be shown to be equal to: 
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The deflection in the direction of the applied load 22 nt δδδ += , and the initial 
stiffness (P/δ) is therefore given as; 
 
L
EHw=R 
d                             
4.27 
 
Figure 4.28(b) shows a schematic of the corrugated-core geometry considered in this 
study. For those cases where the load is either pure shear or pure compression, i.e. 
the angle α = 0° or 90° respectively, in-plane stretching or compression deformation 
occurs in all of the plates. For these two cases, the initial stiffness P/δ can be re-
written as: 
 
L
EHw
2
9 =R
d                             
4.28 
 
In contrast, when a mixed form of loading is applied, i.e. for cases in which the 
loading angle α lies between 0° and 90°, the axial deformation in the right-hand plate 
becomes small and equals zero when the angle α = 45°. In such cases, the stiffness of 
the corrugated structure decreases and can now be approximated by: 
 
L
EHw5 =R
d                             
4.29 
 
Further, if the loading angle is increased beyond 90o, the right-hand plate begins to 
carry the load and when α = 135°, the load in the left-hand plate is equal to zero, 
therefore the stiffness can be estimated by:   
 
L
EHw4 =R
d                             
4.30 
 
In transforming the load-displacement results to stress-strain data, the average 
compression and shear stresses, considering the horizontal load Ph acting along the 
top boundary in the normal and tangential directions can be calculated as follows: 
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e
h
e A
R
-
A
R
=
aas cossin                                                  4.31  
e
h
e A
R
+
A
R
=
aat sincos                                           4.32  
 
where Ae = the equivalent contact area = w.x,  where w is width and x is the length  
of the specimen. 
 
4.4.2 Pre-calibration of the Arcan Test Rig 
Two calibration tests were conducted to correct the Arcan test raw data and give a 
high degree of confidence in the overall test results. Figure 4.29 shows typical raw 
data, a compliance curve and the corrected curve for an Arcan test on a corrugated-
core structure. Here, the example of the compliance curve for a CFRP corrugated-
core structure at a loading angle of 45o is shown. The compliance curve significantly 
corrects the raw data. A summary of the percentage correction from the compliance 
test is given in Table 4.2. The table shows that the greater level of correction in the 
pure shear (α = 0o) is due to the initial displacement of the adhesive as well as the 
machine stiffness. Such errors reduce when the loading angle is increased to 90o.   
 
 
Figure 4.29: Typical load versus displacement trace for a corrugated-core structure 
(CF45 at 45o loading angle). The unwanted displacement is removed from the Arcan 
mixed-mode test data. 
0
1
2
3
4
5
6
7
8
0 1 2 3 4 5 6 7 8
L
oa
d 
(k
N
)
Displacement (mm)
Raw Data
Corrected
Compliance Curve
Chapter IV                                                                                    Experimental Results 
 
127 
 
Table 4.2: A summary of the average initial stiffness values of the corrugated-core 
structures. The table includes the experimental data, the corrected data and the error 
between the raw data and the corrected data. 
Materials Loading angle, α 
Raw data 
(kN/mm) 
Corrected data 
(kN/mm) 
Percentage Error 
(%) 
AL 
0o 6.7 21.3 217.9 
45o 10.6 27.5 159.4 
90o 23.6 24.6 4.2 
GFRP 
0o 6.8 15.7 130.9 
45o 9.1 19.5 114.3 
90o 15.2 16.8 10.5 
CFRP 
0o 6.6 18.8 184.8 
45o 10.8 22.6 109.3 
90o 16.7 18.6 11.4 
 
Figure 4.30 shows the results from multiple calibration tests on the Arcan fixture to 
obtain the transverse compliance of the test rig. The results show that the horizontal 
displacement of the Arcan test rig is consistent. It is then a straightforward 
transformation exercise to convert vertical and horizontal loads to determine the 
normal and shear loads acting on the specimen. The horizontal load (Ph) determined 
from the best fit curve and used in Equations 4.31 and 4.32, to calculate the normal 
and shear stresses. 
 
Figure 4.30: Calibration data of the horizontal load-displacement relationship for the 
Arcan test rig. 
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4.4.3 Arcan Tests on the Aluminium Corrugated-core Structure 
Typical load-displacement traces following compression, shear and mixed-mode 
loading at 45o on the aluminium corrugated core structure are presented in Figure 
4.31.  
 
 
Figure 4.31: Typical load-displacement traces for the aluminium corrugation 
subjected to pure compression (AL90), pure shear (AL0) and mixed compression-
shear (AL67.5).  The inset shows the initial stiffness in the elastic deformation 
region for three different loading angles. 
 
Under uniaxial compression, the specimen (AL90) exhibits a linear response up to 
peak load, at which point one of the struts in the corrugation is bent, leading to a 
reduction in stiffness. The load required to further deform the specimen gradually 
decreases due to the propagation of localised buckling across the width of the core. 
The mechanical response then becomes progressively non-linear and the force drops 
rapidly as the structure loses stability due to plastic buckling. At intermediate 
displacements, the specimen takes on a trapezium shape and the applied load starts to 
increase again due to interactions between the cell walls and the loading platen. In 
the final phase of deformation, the corrugated-core was fully crushed, which, in 
certain cases, resulted in debonding between the loading platens and the core at the 
edges of the specimen. Under pure shear loading (AL0), it is apparent that the 
specimen stiffness is lower, and strain-to-failure is much lower by about ~24%, 
compared to that measured in pure compression. Buckling phenomena were 
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observed in the strut during the test. Debonding between the adhesive and the apex 
of the core was one of the failure modes that influenced the peak loads, instead of 
shear buckling.   
 
 
 
 
Figure 4.32: Photos of an aluminium corrugation at three different stages of 
compression-shear loading at 67.5o loading angle; (a) unloaded, (b) initial buckling, 
and (c) crumpling at high displacements. 
 
For the case of mixed-mode loading (specimen AL67.5) the load-displacement 
characteristics (stiffness and peak load) lie between those recorded following tests on 
the AL0 and AL90 specimens. The failure mechanisms observed during mixed-mode 
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loading are shown in Figure 4.32, for the case of α = 67.5o. Combined loading results 
in the progression of buckling deformation in middle of the loading process leading 
to crumpling at end of the test.      
 
4.4.4 Arcan Tests on the GFRP Corrugated-core Structure 
The load-displacement traces for the GFRP corrugated core structure generally 
exhibited a brittle type of behaviour, involving extensive crushing as shown in 
Figure 4.33.  
 
 
Figure 4.33: Typical load-displacement traces for the GFRP corrugation subjected to 
pure compression (GF90), pure shear (GF0) and mixed compression-shear (GF45).  
The inset shows the initial stiffness in the elastic deformation region for three 
different loading angles. 
 
In the uniaxial compression response, the load increases linearly up to the first peak, 
with deformation in the core being symmetrical about the axis of loading. Cell wall 
buckling was initially observed, followed by compressive failure at the peak load. 
The load then progressively decreased as fibres begin to fracture in the middle of 
individual struts. Subsequent failure involved the formation of hinges in the middle 
of the cell wall and then progressive crushing at the cell wall close to the lower 
platen. During the final stages of the test, the core was fully crushed leading to it 
being flattened. In contrast, in shear, loading was linear up to the peak load at which 
point it dropped abruptly as a result of failure at the platens. Further investigation of 
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the specimens indicated that failure had occurred as a result of debonding between 
the core and the support, Figure 4.34. Under mixed-mode loading, the average 
stiffness and failure load lie between those associated with pure shear and pure 
compression loading conditions. It is clear that the failure strain along the bonding 
line is dependent on the shear loading contribution; for this glass/epoxy corrugation 
structure (at α = 45o), it is approximately 51%.  
 
 
Figure 4.34: Photograph of one of the failure modes for the case where the 
corrugated-core was debonded from the loading platens.  
 
4.4.5 Arcan Tests on the CFRP Corrugated-core Structure 
The load-displacement responses for the CFRP corrugated structures are shown in 
Figure 4.35, where initial failure in pure compression was dominated by cell wall 
buckling.  
 
 
Figure 4.35: Typical load-displacement traces for the CFRP corrugation subjected to 
pure shear (CF0), pure compression (CF90) and mixed compression-shear (CF45). 
The inset shows the initial response in the elastic region for three different loading 
angles. 
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The load-displacement plot is steeper than that for the aluminium core and the failure 
modes are similar to the GFRP corrugated core structures. Following the initial 
linear response, the core buckles and the load drops suddenly. Subsequent failure 
involves fibre fracture, delamination and debonding between the core and the 
facings. Figure 4.36 shows the deformation process under mixed-mode loading at α 
= 45o, where the cell walls initially start to buckle, followed by fibre breaking in 
parts of the unit cell.  
 
 
 
 
Figure 4.36: Photos of the CFRP composite corrugation at three stages of 
deformation under mixed-mode loading at 45o; (a) unloaded, (b) initial cell wall 
buckling, and (c) fibre fracture in the unit cells. 
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Interestingly, instead of buckling in a two dimensional out-of-plane mode, as was the 
case in the aluminium and GFRP materials, the CFRP structure failed in a three 
dimensional mode, as shown in Figure 4.37. This different failure mode led to a 
reduction in the failure load and larger errors.    
 
 
 
Figure 4.37: Failure mode in a CFRP corrugated-core structure showing 3D complex 
cell wall crushing.  
 
A summary of the failure data for the aluminium, GFRP and CFRP corrugated-core 
structures are presented in Table 4.3. 
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Table 4.3: Experimental data at failure for the aluminium, GFRP and CFRP corrugation specimens. Note that standard deviations are given in 
the brackets. 
Loading 
angle,  
α  
 
 
Aluminium GFRP CFRP 
Failure 
load, P 
(kN) 
Compression 
stress, σ 
(MPa) 
Shear 
Stress,  
τ (MPa) 
Failure 
load, P 
(kN) 
Compression 
stress, σ 
(MPa) 
Shear 
Stress, 
τ (MPa) 
Failure 
load, P 
(kN) 
Compression 
stress, σ 
(MPa) 
Shear 
Stress, 
τ (MPa) 
0o 5.20 (0.71) - 2.31  
6.09 
(0.05) - 2.70 
8.46 
(1.21) - 3.76 
22.5o 5.41 (0.44) 0.92 2.22 
5.85 
(0.23) 1.00 2.40 
7.27 
(0.81) 1.24 2.98 
45o 5.93 (0.08) 1.86 1.86 
5.89 
(0.36) 1.85 1.85 
7.99 
(0.37) 2.51 2.51 
67.5o 6.36 (0.49) 2.61 1.08 
6.20 
(0.28) 2.55 1.05 
8.65 
(1.01) 3.55 1.47 
90o 6.80 (0.14) 3.02 - 
6.48 
(0.24) 2.88 - 
10.29 
(1.86) 4.57 - 
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4.5 Low Velocity Impact Tests 
Impact tests were carried out to determine the dynamic compression responses of the 
specimens at different velocities.  
 
4.5.1 Impact Test 
A free-fall model of a low velocity impact test was used to determine the maximum 
impact force at various drop heights. Figure 4.38 shows the free body diagram for 
the test setup.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.38: The schematic diagram showing the impact test setup. 
 
The impactor mass, M was released from a height, h to strike the specimen. Here, the 
impact energy, Ei from the free-falling impactor can be calculated as: 
 
MghEi =                                        4.33  
 
where g is the gravitational constant (9.81m/s2) and h is the height of fall of the 
impactor. It is assumed that all of the potential energy is converted into kinetic 
energy. Therefore the impact energy is given as: 
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2
2
1 MvEi =                                                                                                 4.34 
where v is the velocity of the impactor before striking the specimen. Equating Eqs. 
4.33 and 4.34, the initial or striking velocity, v is defined as: 
 
ghv 2=                                                                                                      4.35 
 
In principle, the impact or contact force is derived as: 
 
Ma
dt
dvMfMgF ==-=
 
                                 4.36 
with f is a frictional force.  
 
In this study, the contact force, F on the specimen was obtained directly from the 
load cell, after converting the voltage-time (v-t) history to a force-time (F-t) curve. 
Meanwhile, the captured images from the high speed video camera were analysed 
and then converted to a displacement-time (d-t) history. Contact force-displacement 
(F-d) traces were produced by synchronising the time histories from the F-t and d-t 
diagrams. From the F-d curve, the energy absorption of the specimen was calculated 
by integrating the area under the curve, as below: 
 
ò=
max
0
.
d
a dyFE
 
                                          4.37 
where y is vertical displacement and dmax is the maximum displacement in the test. 
 
Note that this is a large mass impact response [9] with the mass ratio, m
*=M/m > 2. 
Next, all of the output results presented here used a filtering frequency of 10 kHz.  
 
4.5.2 Impact Response at Low Energies 
The corrugated-core sandwich specimens were tested at five different velocities, as 
outlined in Table 3.7.  
 
Figure 4.39 shows typical contact force and displacement against time traces for the 
specimens in which the impact energy, Ei is less than the energy to break the 
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specimen, Eb. The contact force and displacement against time traces are smooth, 
and have the same total contact duration, ttotal. The maximum contact force shows the 
Fmax is at the highest point on the curve, and where tpeak which indicates the time to 
reach Fmax. Here, the maximum displacement dmax is at the same contact time as tpeak. 
 
 
 
Figure 4.39: Typical F-t and d-t histories for an impact energy below that to break 
the specimen, (a) experimental data and (b) best fit curves showing that the 
maximum contact force and the maximum displacement happen at the same time, 
tpeak when Fmax occurs. Data taken from an AL corrugated-core specimen at a drop 
height, h = 50 mm. 
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Figure 4.40: Typical F-d traces for an impact energy less below that to break the 
specimen, (a) loading and unloading response and (b) best fit line to illustrate the 
contact force is proportional to displacement in the elastic regime.  
 
In Figure 4.40, the F-d curve shows the loading and unloading responses in the 
linear deformation region when Ei < Eb. It is clear that the contact force increases 
proportionally with displacement. No sign of damage was observed either in the AL 
or the composites specimens at release heights of 50 and 100 mm. For these cases, 
the Fmax and dmax values occurred at the same time, tpeak. The impactor then bounces 
back, as shown in Figure 4.41. 
 
0.0
0.5
1.0
1.5
2.0
2.5
0 0.1 0.2 0.3 0.4 0.5
C
on
ta
ct
 F
or
ce
 (k
N
)
Displacement (mm)
0.0
0.5
1.0
1.5
2.0
2.5
0 0.1 0.2 0.3 0.4 0.5
C
on
ta
ct
 F
or
ce
 (k
N
)
Displacement (mm)
Expt. data
Best fit
(a) 
(b) 
loading 
unloading 
Fmax 
dmax 
rebound point 
Chapter IV                                                                                    Experimental Results 
 
139 
 
 
 
 
Figure 4.41: Impact images for an initial velocity, v of 0.99 m/s, (a) just before 
contact with the top surface of the specimen, (b) elastic bending of the struts at the 
maximum impactor displacement, dmax and (c) the specimen returns to its original 
position and the impactor rebounds. Impact on a CFRP corrugated-core specimen 
from a drop height, h = 50 mm. The impactor mass ratio, m* =173. 
 
4.5.3 Impact Responses beyond Threshold Energy to Break the Specimens 
Figures 4.42 and 4.43 show the impact response of the corrugated core structure 
when the impact energy exceeds the threshold energy for the metal and composite 
specimens.  
 
Figure 4.42(a) shows the F-t and the d-t histories for the AL corrugated-core 
sandwich specimen, and it was found that the dmax occurs at a very different contact 
duration, tpeak than Fmax. Combining the F-t data with the d-t data yield the contact 
force-displacement curve for the impactor, as shown in Figure 4.42(b). Three 
important points are identified in the F-d curve for this ductile specimen. The first 
point (P1) is the point on the curve that has the highest contact force before the struts 
collapse. After P1, the fluctuating force gradually decreases under the buckling 
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collapse mechanism until the bent strut and the top surface of the skin became in 
contact with each other. Here, P2 is the second peak point on the curve, and the final 
point, P3 is the rebound point. This is the maximum deformation, dmax in the F-d 
curve. This point P3 corresponds to the instant at which the curve starts to move 
leftwards signifying impactor rebounding with a negative velocity. 
 
 
 
Figure 4.42: (a) Typical F-t and d-t histories for the AL corrugated-core sandwich 
specimen above its threshold absorb energy and (b) the F-d traces during the impact 
tests at a drop height, h = 1000 mm. 
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Furthermore, initial collapse in the AL corrugated-core specimens was characterised 
by a buckling phenomena. Two buckling modes were observed. Figure 4.43(a) 
shows the first buckling mode shape. As in the quasi-static compression test, the core 
members always buckle in an asymmetric manner with respect to the centre of the 
unit cell: one strut buckles to the right or left and other strut remains in the same 
position. This response contrasts with the behaviour at higher velocities. Figure 
4.43(b) shows the combination of asymmetry and symmetry buckling mode shapes 
in the core.  According to Vaughn and Hutchinson [10], this symmetry is due to the 
stabilising effect of core inertia on buckling.  
 
 
 
 
Figure 4.43: Two different buckling phenomena observed during testing: (a) 
asymmetrical buckling commonly found in out-of-plane compression loading (at v = 
3.13 m/s) and (b) combination of two different buckling patterns, symmetrical and 
asymmetrical behaviour at an impact velocity of 4.43 m/s.   
 
Given the elastic brittle behaviour of the composite specimens, an assumption based 
on the superposition of stresses is reasonable, where the struts loaded within the core 
are subjected to a combination of axial compression and bending loads [9]. Figure 
4.44(a) shows the F-t and the d-t histories for the composite corrugated-core 
sandwich specimen, and Figure 4.44(b) is a typical F-d curve after combining the 
force versus time and the displacement versus time histories. Four points are 
indicated at the F-d curve for this type of brittle specimen. After reaching the 
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maximum contact force (P1), the force progressively decreases to crush the cell wall 
until the bent strut and the top surface of the skin become in contact with each other. 
P3 is a second peak on the curve. The core is now fully crushed and is no longer 
capable of resisting the force. The force subsequently oscillates until the rebound 
point, P4.  
 
 
 
Figure 4.44: (a) Typical F-t and d-t histories for the CFRP corrugated-core sandwich 
specimen above its threshold impact energy and (b) the F-d curve following the 
impact test from a drop height, h = 1000 mm. 
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For both GFRP and CFRP materials, the progressive failure mechanisms involved in 
the crushing process include symmetric and asymmetric buckling, delamination 
between the plies and debonding of the adhesive between the core and the skin. 
Kazemahvazi et al. [9] also reported that the buckling modes in the corrugated-core 
specimens rise dramatically with increasing velocity. The failure mode shape for the 
composite struts with an aspect ratio, H/L = 0.035 at an impact velocity of 5 m/s is a 
Mode 2 sine wave. Typical impact sequences of buckling progression up to failure 
are shown in Figure 4.45. Table 4.4 summarises the maximum contact force, peak 
time, maximum displacement and energy absorption for all of the test specimens.  
 
 
 
 
 
 
Figure 4.45: Impact images of the composite (CFRP) corrugated-core sandwich 
specimen at an impact velocity of 4.43 m/s, (a) initial failure is dominating by 
buckling (combined mode shapes of 1 and 2), (b) failures (fibre fracture, matrix 
cracking) and (c) rebound of the impactor as the top skin debonds from the core.  
y = +1.31 mm 
t = 0.29 ms 
 (a) 
y = +2.55 mm 
t = 0.56 ms 
 (b) 
y = -1.12 mm 
t = 9.57 ms 
 (c) 
Mode 2 
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Table 4.4: Summary of the results of impact tests on the three corrugated-core sandwich materials; AL, GFRP and CFRP.  
 
Impact 
velocity, 
v (m/s) 
Impact 
energy, 
Ei (J) 
 
Aluminium 
 
GFRP CFRP 
Max. 
contact 
force, 
Fmax 
(kN) 
Max. 
disp., 
dmax 
(mm) 
Contact 
time at 
peak 
force, 
tpeak 
(ms) 
Energy 
absorbed, 
Ea (J)  
Max. 
contact 
force, 
Fmax 
(kN) 
Max. 
disp., 
dmax 
(mm) 
Contact 
time at 
peak 
force, 
tpeak 
(ms) 
Energy 
absorbed, 
Ea (J)  
Max. 
contact 
force, 
Fmax 
(kN) 
Max. 
disp., 
dmax 
(mm) 
Contact 
time at 
peak 
force, 
tpeak 
(ms) 
Energy 
absorbed, 
Ea (J)  
0.99 0.61 2.51 0.30 0.48 0.36 3.47 0.53 0.39 0.48 3.18 1.46 0.34 0.23 
1.40 1.22 6.31 0.39 0.31 0.88 3.99 0.65 0.25 0.81 7.35 2.91 0.30 0.92 
1.98 2.45 7.09 0.88 0.26 1.83 6.11 1.07 0.25 1.61 7.54 4.01 0.28 2.22 
3.13 6.12 7.37 1.70 0.24 5.67 5.89 3.55 0.21 6.05 6.53 3.32 0.24 6.04 
4.43 12.24 6.24 5.96 0.24 11.26 5.83 9.01 0.20 10.01 6.74 8.61 0.16 12.16 
 
Note:  
For AL: m* = 98, Ea at the first peak in the quasi-static compression test is 1.23 J. 
For GFRP: m* = 170, Ea at the first peak in the quasi-static compression test is 1.15 J. 
For CFRP: m* = 173, Ea at the first peak in the quasi-static compression test is 1.09 J.
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4.6 Summary of Chapter IV 
Chapter IV presented the experimental results for the aluminium alloy 2024-O, 
GFRP and CFRP corrugated-core materials. Firstly, the mechanical properties of the 
materials were characterised during tensile and in-plane shear tests. The data for the 
corrugated-core sandwich specimens under quasi-static and dynamic compression 
tests, and combined compression-shear loading were presented and the failure 
mechanisms were discussed in detail. The fundamental theories to support each of 
the tests were derived and explained. Further discussion and analysis with additional 
experimental results will be presented in Chapter VI. 
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5.1 Introduction 
In this chapter, both the numerical modelling theory as well as techniques used to 
model the response of the specimens under static and dynamic loading are presented. 
The numerical predictions are compared to corresponding experimental results in 
order to validate the numerical models, using a commercial finite element analysis 
(FEA) package, Abaqus. 
 
Abaqus/CAE Version 6.12 was used for creating, submitting, monitoring and 
visualising the results for both the static as well as dynamic models. The input files 
generated by Abaqus/CAE were submitted to the designated solvers, i.e. either 
Abaqus/Standard or Abaqus/Explicit. The static analyses were conducted using 
Abaqus/Standard, whereas Abaqus/Explicit was used for the dynamic problems. 
 
In general, Abaqus/Standard is a general-purpose analysis product that can solve a 
wide range of linear and nonlinear problems involving the static, dynamic, thermal 
and electrical and electromagnetic response of components. The analysis solves a 
system of equations implicitly at each solution ‘increment’. In contrast, 
Abaqus/Explicit marches a solution forward through time in small time increments 
without solving a coupled system of equation at each increment (or even forming a 
global stiffness matrix). In other words, the explicit solver is a special-purpose 
analysis package that uses an explicit dynamic finite element formulation. It is 
suitable for modelling brief, transient dynamic events, such as impact and blast 
problems, and is also very efficient for highly nonlinear problems involving changing 
contact conditions, such as forming simulations [1].  
 
 
5.2 Constitutive Models for the Aluminium Alloy 
This section presents the constitutive models for the aluminium alloy (AL 2024-O) 
that was used to manufacture the corrugated-core structure. To model the metal 
specimen, an isotropic elasto-plasticity model was chosen to predict elastic and 
plastic behaviour. This material model is commonly used for metal plasticity 
analyses, either as a rate-dependent or rate-independent model, and has a simple 
form [2]. 
 
Chapter V                                                                               Finite Element Modelling 
 
149 
 
5.2.1 Elasticity 
An isotropic linear elasticity model was used to generate the elastic response of the 
material in the numerical model. For materials that exhibit linear elastic behaviour, 
the total stress is defined from the total elastic strain as: 
 
 elelD es =                                5.1 
 
where σ is the total stress, Del is the fourth order elasticity tensor and εel is the total 
elastic strain [3]. 
 
From Equation 5.1, the stress-strain relationship for isotropic linear elasticity is given 
as: 
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The Young’s modulus, E, and the Poisson’s ratio, υ, were well-defined in Equation 
5.2. Note that 2εij = γij , and γ is the shear strain. 
 
The inverse relationship can be expressed as:  
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where G is the shear modulus; 
)1(2 u+
=
EG  
 
The elastic material properties for the aluminium alloy (AL 2024-O) used in the 
numerical models were taken from experimental data, as previously discussed in 
Section 4.2.1. From the experimental results, the Young’s modulus, E = 70.6 GPa 
and the Poisson’s ratio, υ = 0.3. 
 
5.2.2 Yielding 
A von Mises yield surface was used for isotropic yielding. The Mises yield surface 
assumes that yielding of the metal is independent of the equivalent hydrostatic stress 
where this observation is confirmed experimentally for most metals under positive 
pressure stress. However it may be inaccurate for metals under conditions of high 
triaxial tension, when voids may nucleate and grow in the material [1]. 
 
5.2.3 Plasticity 
Beyond the yield point, isotropic hardening was used to define the plastic behaviour 
of the AL material. To describe isotropic hardening, the yield stress, σ0, is given as a 
tabular function of the plastic strain. Interpolation of the yield stress at any plastic 
strain state is done from the data table. It remains constant until plastic strain reaches 
the last value given in the table. 
 
Decomposition of the total increment of strain is defined as: 
 
 plel ddd eee +=                    5.4 
 
For a rate-dependent material, the relationship of the equivalent plastic strain rate,
ple&v , follows the uniaxial flow rate definition as: 
 
 ),,( T
plpl q qeye v&v =                    5.5 
 
where ψ is a known function, q is the von Mises equivalent stress, plev  is an 
equivalent plastic strain and θT is the temperature. 
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The plastic material properties for the aluminium alloy (AL 2024-O) used in the 
numerical models were obtained from experimental data, and are tabulated in Table 
4.1.  
 
5.2.4 Failure Criteria 
The development of progressive damage and failure for ductile material were used to 
model the damage behaviour the aluminium material. Abaqus/Explicit offers two 
material failure models to account for damage and failure in ductile metals, using 
*SHEAR FAILURE and *TENSILE FAILURE or a combination of both. To 
calculate failure, the shear and tensile failure models use an equivalent plastic strain 
and a hydrostatic cut-off stress, respectively. Removing failed elements from meshes 
is possible for both failure models.   
 
5.2.4.1 Damage for Ductile Metals 
Two damage mechanisms for ductile metals were used in this study, these being the 
ductile damage and shear damage models.  
 
The ductile fracture or ductile damage initation criterion is a model for predicting the 
onset of damage due to nucleation, growth and the combination of voids. This model 
activates when the following condition is satisfied: 
 
 1
),(
== ò plpl
D
pl
D
d
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ew
&vv
v
                   5.6 
 
where ωD is a state variable that increases monotonically with plastic deformation. 
The model assumes that the equivalent plastic strain at the onset of damage, plDe
v
, is a 
function of the stress triaxiality, η = -p/q,  and the equivalent plastic strain rate, ple&v  . 
Note that p is the pressure stress and q is the Mises equivalent stress. 
 
The second model, shear damage model is a shear fracture due to shear band 
localisation in ductile metals. This model will activate if the following condition is 
satisfied: 
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where ωs is a state variable that increases monotonically with plastic deformation and 
is relative to the incremental change in equivalent plastic strain, plev . The model 
assumes that the equivalent plastic strain at the onset of damage, plse
v , is a function of 
the shear stress ratio, θs = (q + ksp)/τmax,  and the equivalent plastic strain rate, ple&
v  . 
Note that τmax is the maximum shear stress and ks is a material parameter (ks = 0.3 for 
the aluminium alloy [4]). 
 
A linear damage evolution law based on effective plastic displacement was used in 
the study. This evolution will trigger when the condition of damage initation is 
reached, then the effective plastic displacement, plev , is defined by the evolution 
equation as:  
 
 ple
pl Lu e&v&v =                     5.8 
 
where Le is the characteristic length of the element. 
 
5.2.4.2 Failure in Ductile Metals 
Two failure models for ductile metals were considered in this study, these being 
shear and tensile failure models. Both models are applicable mainly to high-strain-
rate and truly dynamic problems.  
 
*SHEAR FAILURE damage parameter, ω is defined as: 
 
pl
f
plpl
e
ee
w v
vv åD+= 0                    5.9 
 
where pl0e
v  is any initial value of the equivalent plastic strain, plevD is an increment of 
the equivalent plastic strain and plfe
v
is the equivalent plastic strain at failure. Failure 
is assumed to occur when the damage parameter exceeds 1.  
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*TENSILE FAILURE is supposed to occur when the pressure stress, p becomes 
more tensile than the user-specified hydrostatic cut-off stress. This model is suitable 
for modelling dynamic spall or a pressure cut-off. In this study, the input value for 
the hydrostatic cut-off stress was set to 279 MPa [5]. 
 
In general, element deletion occurs if one of the failure models is met at an 
integration node, all the stress components will be set to zero and the node fails. 
When all of the nodes at any element fail, then the element will be removed from the 
mesh. 
 
 
5.3 Constitutive Models for the Composites 
This section presents the constitutive models for the composite materials, i.e. for the 
glass fibre reinforced plastic and carbon fibre reinforced plastics. To model these 
materials in the corrugated-core structures, a transversely isotropic material model 
was chosen to predict their elastic response. In-built progressive damage models for 
elastic-brittle behaviour, proposed by Hashin and Rotem [6], Hashin [7-9], 
Matzenmiller et al. [10], and Camanho and Davila [11] were used for predicting the 
onset of failure and the post-failure response of the fibre-reinforced composites.   
 
5.3.1 Elasticity 
As discussed in Section 3.2, a woven-type prepreg was used to manufacture the 
corrugated-core specimens. Here, it is assumed that the top plane of the woven 
laminate is the 1-2 plane. The 1-2 plane is a plane of material isotropy in one of the 
principal planes of an orthotropic body [12]. Hence, the Young’s modulus of E11 = 
E22 = Eip , the shear modulus of G13 = G23 = Gtt , and the Poisson’s ratio of υ13 = υ31 = 
υ23 = υ32 = υtt  directions where the lower terms of the ip and tt denote the ‘in-plane’ 
and ‘through-thickness’, respectively. 
 
If the 3-direction is normal to the plane of isotropy (1-2 plane), the stress-strain 
relationship for transverse isotropy is given as:  
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With this stiffness matrix, the total number of independent elastic constants of 
orthotropic system is reduced from nine to five. The mechanical properties of the 
GFRP and CFRP were obtained from a series of the tests, as discussed in Section 4.2. 
Table 5.1 gives a summary of the elastic properties for the GFRP and CFRP 
composites that were used in the FE analysis. 
 
Table 5.1: Summary of the elasticity properties of the GFRP and CFRP materials. 
Symbol Value (GFRP) 
Value 
(CFRP)  Property   
E11 23 GPa 48 GPa Young's modulus in longitudinal direction 
E22 23 GPa 48 GPa Young's modulus in transverse direction 
E33 5 GPa** 10 GPa* Young's modulus in thickness direction 
G12 5 GPa 9 GPa In-plane shear modulus 
G13, G23 5 GPa** 9 GPa* Through-thickness shear modulus 
υ12 0.15 0.1 In-plane Poisson's ratio 
υ 13, υ 23 0.15** 0.1* Through-thickness Poisson's ratio 
_____________________________________________________________________________________________________________________ 
 
*Assumption  
**Data taken from reference [5] 
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5.3.2 Damage Development Model for the Fibre-Reinforced Composites 
The progressive damage models for composites are based on combination models 
from the degradation of the stiffness matrix coefficients [10] before degradation at a 
material point based on four  damage initation mechanisms [6-9]. This is followed by 
damage propagation in the post-damage initation phase, based on  the evolution law 
of the damage variable [11].  
 
Prior to damage initation, the material stiffness is given by: 
 
 es dC=                              5.11 
 
where Cd is the damaged elasticity matrix, which has the form of:  
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where D = 1 – (1 – df)(1 – dm) υ12 υ21 ,  E1 is the Young’s modulus in the fibre 
direction, E2 is the Young’s modulus perpendicular to the fibre direction, df is the 
current state of fibre damage, dm is the current state of matrix damage and ds reflects 
the current state of shear damage. 
 
Four different damage initation mechanisms were considered in the analysis, these 
are based on Hashin’s damage model. These four initation criteria are: 
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Note that ijsˆ are the components of the effective stress tensor, and ξ is a coefficient 
that determines the contribution of the shear stress to the fibre tensile initation 
criterion. Table 5.2 presents the damage initation data for the GFRP and CFRP 
corrugated-core specimens. 
 
Table 5.2: Summary of the damage initation data for the GFRP and CFRP materials. 
Symbol Value (GFRP) 
Value 
(CFRP)  Property   
XT 320 MPa 550 MPa Longitudinal tensile strength 
XC 260 MPa* 150 MPa* Longitudinal compressive strength 
YT 320 MPa 550 MPa Transverse tensile strength 
YC 260 MPa* 150 MPa* Transverse compressive strength 
ST 100 MPa 120 MPa Transverse shear strength 
SL 100 MPa 120 MPa Longitudinal shear strength 
 
*Assumption 
 
Once a damage initation criterion is satisfied, further loading of the specimen will 
cause degradation of the material stiffness coefficients. The decrease in the stiffness 
coefficient is monitored by damage variables that assume values between 0 and 1; 
undamaged to a fully damage state. The damage variable corresponding to a specific 
failure mode is given by following expression: 
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where 0eqd  is initial value of the equivalent displacement at which the initation 
criterion for the particular mode is met and feqd  is the displacement when damaged. 
 
Here, a linear damage evolution law based on the fracture energy dissipated during 
the damage process was introduced in the numerical model. The fracture energy 
values were set before running the FE analysis. Table 5.3 gives the fracture energies 
for the various failure modes. 
 
Table 5.3: Summary of the fracture energy data for the GFRP and CFRP materials. 
Symbol GFRP (J/m2) 
CFRP 
(J/m2) Failure mode   
C
ftG  40000* 50000** Fibre tension 
C
fcG  60000* 45000** Fibre compression 
C
mtG  40000
* 50000** Matrix tension 
C
mcG  60000* 45000** Matrix compression 
_____________________________________________________________________________________________________________________ 
*Data taken from reference [5] 
**Data taken from reference [13]  
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5.4 Static Finite Element Modelling 
This section presents details of the numerical modelling procedures for the 
corrugated-core structures under static compression and combined Arcan mixed-
mode loading. Uniaxial compression of the rigid PU foam was also studied before 
modelling the corrugated sandwich structures filled with the foam. These three 
dimensional numerical simulations with six degrees of freedom were performed 
using Abaqus/Standard.     
 
5.4.1 Modelling of Compression Corrugated-core Sandwich Structure 
In this section, the FE modelling procedures for the corrugated-core sandwich 
structures based on three different types of materials are presented. The numerical 
results will be verified using experimental data at the end of this section.  
 
5.4.1.1 Selection of Parts and Elements 
The response of the corrugated-core sandwich structures under compression loading 
was modelled using the Kirchhoff shell element. This element was selected because 
it can be used to accurately model the behaviour of the metal and composite 
structures, which have a section thickness that is small relative to the overall 
dimensions of the components [3]. The S4R shell element is defined by four nodal 
points. These nodes show the spatial position of the element and define the normal 
direction of the shell using the right-hand rule. This S4R shell element is a general 
purpose element, and can be used in thin or thick shells. The element code relates to 
the following: 
 
S4R – Stress/displacement element, 4 nodes, Reduced integration. 
 
In modelling the specimen, a deformable shell geometry was used to draw the shape 
of the unit cell in an in-plane view, and then extrude the geometry with the desired 
width, for example w = 25 mm to generate the triangular corrugated-core specimen. 
The edges of the triangular corrugations were modelled as perfect, this might 
influence both the strength and stiffness predictions. In these compression test 
simulations, the skins do not carry significant load and it was therefore sufficient to 
model the cores without skins, whilst applying the appropriate boundary conditions. 
Figure 5.1 shows the core with five unit cells between the upper and lower platens. 
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The compression platen was defined as a rigid body. There are two techniques to 
model a rigid body, either by an analytical rigid or a discrete rigid surface. Here, the 
circular compression platen was modelled using the analytical rigid surface. The 
analytical rigid surface is a geometric surface with profiles that can be described 
using straight and curved line segments [1]. Using this analytical rigid surface 
instead of discrete rigid surface formed by element faces reduces computational costs 
associated with the contact algorithm. The platen model does not undergo any 
deformation during the test, but can undergo large rigid body motions. 
 
 
 
 
 
 
 
 
Figure 5.1:  Loading direction, boundary conditions and assembly of the corrugated-
core model between two platens. 
 
5.4.1.2 Loading and Boundary Conditions 
When establishing the boundary conditions, the nodes along the upper and lower 
edges were fully constrained, except in y-direction (Uy ≠ 0) at the upper edge. This to 
allowed the upper edge to move downwards. A displacement boundary condition 
was applied uniformly to the nodes at the apex of the unit cells to progressively crush 
the unit cells. This displacement boundary condition was assigned to the reference 
Bottom core = Fixed (Ux = Uy = Uz = URx = URy = URz = 0) 
Top core = Ux= Uz = URx = URy = URz = 0; Uy ≠0 
P, δ 
Upper circular platen 
Corrugated-core = 
Deformable shell 
Legend: 
U = Displacement degree of freedom 
UR = Rotational degree of freedom 
P = Load 
δ = Displacement 
Lower circular platen 
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point, placed at the centre of the upper platen, and this was set to displace the platen 
downwards in vertical direction at a constant rate. The reference point was used to 
record the displacement and reaction load from the core. 
 
5.4.1.3 Interaction Properties 
The core and the platen were connected using a contact interaction formulation. A 
contact pair algorithm was used to model the interaction behaviour of the corrugated-
core structures. In Abaqus/CAE, the user can refer to a contact property. In normal 
behaviour, a hard contact pressure-overclosure relationship and a frictionless 
formulation in the tangential direction were set as the contact properties.  
 
The friction between the contacting surfaces was modelled using a Coulomb friction 
model. This friction model assumes that no relative sliding occurs if the equivalent 
frictional stress: 
 
 22
2
1 ttt +=eq                             5.18 
 
is less than the critical stress. The critical stress, τcrit is defined as: 
 
 pcrit mt =                                        5.19 
 
where µ is the coefficient of friction and p is the contact pressure between the two 
surfaces. The term ‘frictionless’ refers to a friction coefficient of zero, i.e. surfaces 
free to slide across one another. 
 
The hard contact property allows for contact pressures between two surfaces when 
the clearance is zero, and there is no pressure when the clearance is greater than zero, 
as illustrated in Figure 5.2. This contact property also minimises the penetration of 
the slave surface (the core) into the master surface (platen) at the constraint position 
and does not allow the transfer of tension stresses across the interface. 
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Figure 5.2:  Contact pressure-overclosure relationship for hard contact [1]. 
 
5.4.1.4 Mesh Generation and Control 
A mesh was then generated at a corrugated-core based on five unit cells using the 
meshing tools in Abaqus/CAE. Figure 5.3 shows the model used in the compression 
simulation study, comprising 25 linear shell elements across the width direction and 
14 elements along the length of the struts, giving a total of 3500 elements. For the 
platen, there is no mesh required for an analytically rigid surface.   
 
Figure 5.3: Typical meshes used in numerical modelling. 
 
The default form of hourglass control available for the S4R element was used as well 
as reduced integration. Hourglass control attempts to minimise spurious modes [14] 
without introducing excessive constraints on the physical response of the element.  
 
5.4.1.5 Modelling Data Output 
The data output from the numerical models was specified by creating output 
requests. The Abaqus solver calculates the values of many variables at every step of 
increment. The user may control and manage the data output so that only data 
No pressure when no contact 
Any pressure possible when in contact 
Contact pressure, p 
Contact clearance, c Contact overclosure, h 
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required to interpret the results of the analysis is produced. An output request defines 
which variables are selected and outputted during the simulation step, from which 
region or integration points of the model and the rate at which the variable are 
written to the output database. There are two types of the output requests, field 
output or history output.  
 
Field Output Request 
Field outputs are generated from data that are spatially distributed over the whole 
model or over a portion of it. This output presents images of the specimen at each 
requested interval. In this numerical analysis, the displacement, the reaction force, 
the status, stress and strain field outputs were requested from the entire corrugated-
core model. For the composite materials, failure was also requested. 
 
History Output Request 
History outputs are generated either from the whole model or specific points in the 
model. The frequency of data output depends on the users interest, and can be very 
high if necessary. When creating a history output request, the individual components 
of variables can be specified. In this study, the displacement and reaction forces for 
the relevant direction of the platen were requested in a history output at the specific 
reference point of the platen. 
 
5.4.1.6 Model Sensitivity 
The accuracy of the model can be improved in several ways. Sensitivities of the 
mesh refinement, imperfections from uneven cell wall thickness, the contact stiffness 
between the platen and the core can contribute to the inaccuracy of the analysis. 
Finally is the selection of the appropriate type of shell element for the model is 
clearly important.  
 
a) Mesh Refinement 
A mesh sensitivity study was carried out by varying the element size of the shell 
element throughout the core geometry. Figure 5.4 shows the variation of the peak 
load and CPU time with element size for the corrugated-core specimen. 
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Figure 5.4: Typical mesh-sensitivity analysis showing maximum load and CPU time 
versus element size for the AL corrugated-core specimen with shell thickness of H = 
0.5 mm. 
 
Form Figure 5.4, the mesh sensitivity analysis shows that the maximum load in the 
model is dependent on element size. Here, a 1 mm element size was selected due to 
the optimum CPU time, and it was essential that the same size elements were used in 
all the specimen models. Therefore the combined effect of material property and 
element size was consistent throughout the study.  
 
b) Contact stiffness 
In the actual specimen preparation, the corrugated-core was bonded to the skins, and 
therefore there is a softening associated with the epoxy adhesive. To account for such 
effects, a linear softened contact pressure-overclosure formulation was employed 
during the initial stage of contact between the sharp edge of the core and the platen. 
The softened contact pressure-overclosure relationships might be used when 
modelling a soft, thin layer on one or both surfaces [2]. This relationship is useful for 
numerical reasons to make it easier to resolve the contact condition. Figure 5.5 shows 
the softened contact pressure relationship defined in linear form, where the contact 
stiffness, kc is defined as: 
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Figure 5.5: Softened contact pressure-overclosure relationship defined in linear form 
[1]. 
 
Figure 5.6 shows the contact stiffness sensitivity analyses for the AL corrugated-core 
specimen. It is evident that when the contact stiffness factor decreases, initial 
softening takes place and the initial stiffness of the global struts reduces.  
 
Figure 5.6: Typical contact stiffness sensitivity analyses, if the case when kc > 10000 
N/mm3, is equivalent to a hard contact condition.  
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Figure 5.7: The effect of the contact stiffness kc on the slope (P/δ) of the AL 
corrugated-core model. 
 
Figure 5.7 presents the elastic stiffness (P/δ) analyses for the AL corrugated-core 
model. From the figure, the appropriate value kc = 200 N/mm3 was used as the 
contact stiffness for the AL corrugation, since it results in the same stiffness value as 
the experimental result. The above approach was repeated for the different materials, 
and the contact stiffness values for the GFRP and CFRP corrugation models were 
taken as 50 kN/mm3 and 100 kN/mm3, respectively. 
 
c) Geometry Imperfection 
Most manufacturing routes result in some form of ‘small defect’ or imperfection in 
the finished structure. In fabricating a corrugated-core, such flaws may be associated 
with geometrical imperfections resulting from spring-back following moulding, local 
variations in the fibre volume fraction as well as voids introduced during the 
compression moulding process. FE models that do not account for structural 
imperfections are likely to overestimate both the peak load and the stiffness of the 
whole structure. For example, Côté et al.[15] and Kazemahvazi and Zenkert [16] 
introduced imperfections in their numerical models to accurately predict the load-
displacement trace of corrugated-core geometries.  
 
The initial imperfection, in the shape of a buckling mode, was imposed on each 
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corrugated strut. Here, the initial imperfection, a was defined as:  
 
ú
û
ù
ê
ë
é
÷
ø
ö
ç
è
æ-=
L
sHsa p2cos1
2
ξ  )(                5.21 
 
where ξ is a dimensionless imperfection parameter and s is the arc length along the 
wall thickness, H measured from one end.  
 
In Abaqus/CAE, this was achieved using the *IMPERFECTION function in the 
analysis step. An elastic buckling analysis was initially conducted in a linear 
perturbation step to retrieve the eigenmodes of the core. From the FE buckling 
analysis, a selected eigenmode with a similar buckling behaviour to the experiment 
was used to introduce a small imperfection in the straightness of the wall, which 
could then be used in the step procedure.  In this study, the simplest buckling mode, 
Mode 1 was used. An imperfection sensitivity analysis was then performed, during 
which the imperfection amplitudes were varied systematically between 0 (a perfect 
corrugated geometry) and 0.5. The imperfection parameters take the form of: 
 
å
=
=D
M
i
iii w
1
 fc                  5.22 
where ϕi is the ith mode shape and wi is the associated scale factor. 
 
An Abaqus non-linear analysis, *STATIC, RIKS was then used to trace the full 
response of the structure past the buckling point and into the post-buckling region. 
The Riks method [17] is generally used to predict unstable, geometrically nonlinear 
collapse of a structure, and can be used to speed convergence of snap-through 
problems that do not exhibit an instability. 
 
Figure 5.8 shows the results of four sensitivity simulations on the GFRP corrugated-
core specimen with H = 0.19 mm (GF2U5). It is clear that a perfect model will 
overestimate the peak load. In contrast, with increasing imperfection factor, ξ the 
peak load gradually reduces. 
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Figure 5.8: An imperfection sensitivity analysis study for the GFRP corrugation 
model, with a thickness of H = 0.2 mm. Note that the maximum load from the 
experimental test was 413 N. 
 
d) Elements 
An investigation into the effect of element formulation was also undertaken. The 
S4R element is a general purpose element used for thin or thick shell geometries. It 
was initially used to analyse the behaviour of all specimens with different cell wall 
thicknesses, ηH. A specific formulation for thick elements in Abaqus is S8R. This 
element is an 8-noded doubly curved thick shell using reduced integration to 
minimise run time. The definition of ‘thick’ is when the thickness of the element is 
more than approximately 1/15 of the surface length of the shell [3]. Since some of 
the composite corrugations were thick, this investigation was to identify which 
element should be used in the numerical modelling, either S4R or S8R.  
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Figure 5.9: Comparison of the effect of different shell elements, S4R and S8R. The 
analysis was conducted on the CFRP corrugation, with a thickness of H = 1.10 mm. 
Note that the maximum load in the experiment was 23 kN. 
 
Figure 5.9 shows the load-displacement traces for two different shell elements for the 
CFRP corrugated-core model with an aspect ratio H/L > 1/15. Both shell elements 
show a similar pattern in the elastic region, where the elastic stiffness and the peak 
load are equal. However, beyond the elastic region, the S8R element drops gradually 
compared to the S4R element. The S8R element is required for cases where the 
transverse shear flexibility is required in the calculation, for example delamination of 
the plies. Therefore, all the numerical analyses for composite with aspect ratio of H/L 
> 1/15 were undertaken using the S8R shell element. 
 
5.4.1.7 Results from the Numerical Analysis 
Figure 5.10 compares the compression load-displacement traces for the aluminium 
corrugations based on five unit cells, with the predictions from the finite element 
model. It should be noted that the initial FE predictions, based on imperfection-free 
corrugations (FE-Perfect), grossly over-estimated both the strength and stiffness of 
this AL material. Following a detailed imperfection sensitivity analysis, the FE 
model was modified to introduce initial imperfections of amplitude ξ = 0.01 for the 
aluminium corrugation. This amplitude was obtained via an imperfection sensitivity 
procedure, as discussed above, whereby the amplitude was varied until the predicted 
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peak load agreed with the experimental data. Applying this initial imperfection yields 
good agreement between the numerical and experimental data. 
  
 
Figure 5.10: The measured response and the predictions of the load-displacement 
response for AL corrugated-core sandwich structure. The load-displacement 
responses of the structures with FE predictions with ξ = 0.01 show good agreement 
with the measured response.  
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Figure 5.11: Predicted deformation modes for a perfect AL corrugation; (a) initial 
loading, (b) peak loading, (c) symmetrical plastic hinges due to bending and (d) 
progressive collapse. Note that the inset gives the Mises stress. 
 
Figure 5.11 shows the deformation of a perfect AL corrugation. It is clear that plastic 
hinges dominated the collapse behaviour of the structures. After peak load, the load 
drops gradually until densification occurs. The figure shows that there is no contact 
between the upper platen and middle of struts half way through the analysis. 
 
 
 
(b) δ = 0.15 mm ; P = 7.36 kN  
(a) δ = 0.007 mm ; P = 2.56 kN  
(c) δ = 2.54 mm ; P = 2.29 kN  
(d) δ = 5.06 mm ; P = 0.89 kN  
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Figure 5.12: Predicted deformation modes for an imperfect AL corrugation; (a) 
initial loading, (b) peak loading, (c) buckling behaviour and (d) initial contact 
between upper platen and middle of struts. Note that the inset gives the Mises stress. 
 
Figure 5.12 show the buckling shapes for the model of the imperfect AL corrugation. 
The buckling pattern in the model shows good agreement with the photographic 
images from the experimental result, as shown in Figure 4.13(b). Contact between 
the upper platen and struts is presented in Figure 5.12(d) where the load increases 
due to contact interaction.  
 
(a) δ = 0.007 mm ; P = 0.15 kN  
(b) δ = 0.29 mm ; P = 6.46 kN  
(c) δ = 0.67 mm ; P = 3.06 kN  
(d) δ = 3.74 mm ; P = 3.24 kN  
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Figure 5.13 compares the initial portions of the compression load-displacement 
traces for composite corrugations based on five unit cells, with the numerical 
predictions from the FE model.  
 
 
 
Figure 5.13: The measured response and the predictions of the peak load for 
composite corrugated-core structures; (a) GFRP and (b) CFRP. FE simulations for 
both GFRP and CFRP with ξ = 0.05 show reasonable agreement with the measured 
responses.  
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It should be noted that for the initial numerical predictions, based on FE-Perfect 
model, the predicted peak load and stiffness are higher for all types of composites 
corrugation. From the imperfection-sensitivity procedure and the analysis data, an 
initial imperfection with an amplitude of 0.05 was introduced into both the GFRP 
and CFRP models. Following this, the comparison between the numerical and 
experimental results was reasonably good. It is evident that the numerical models for 
of the GFRP and CFRP corrugations fail to predict the early instabilities in the load-
displacement trace. Beyond peak load, the GFRP model over-predicts while CFRP 
under-predicts the softening phase of the deformation process. This occurs due to 
Abaqus/Standard being unable to eliminate the failed elements, giving over-
predictions of the behaviour. Element deletion can only be activated in 
Abaqus/Explicit.  The predicted deformation mode is presented and compared with 
the experimental deformation mode in Figure 5.15. The figure highlights good 
agreement in terms of the failure mode shapes. 
 
Figure 5.14 shows the deformation process for the numerical model of a perfect 
composite corrugation. Again, for this perfect condition, plastic hinges dominated the 
collapse behaviour of the structures. There was no contact between the upper platen 
and the middle of struts during the simulation, as the load gradually drops until the 
compaction occurs.  
 
Figure 5.15 show the buckling response of an imperfect GFRP composite 
corrugation model. The buckling pattern in the model shows good agreement with 
the images from the experimental test, as shown in Figure 4.15(b). Similar failure 
modes were observed in the model of the CFRP corrugation model. Note that the 
buckling phenomena only occurred in the thin cell wall structures. Although the 
damage criteria for the composite were inputted into the numerical model, 
delamination between the composite plies was not predicted in the thick struts model, 
as the shell element is assumed from the beginning as a one whole part (shell element 
is not divided ply by ply). 
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Figure 5.14: The initial modelling behaviour of the composite corrugation (perfect 
condition); (a) initial loading, (b) peak loading, (c) plastic hinges and (d) model 
progressively compressed to the lower platen. Note that this is an example for a 
GFRP corrugation with H = 0.19 mm. The colour spectrum represents Hashin’s fibre 
compression damage initiation criterion. 
 
 
 
 
(a) δ = 0.007 mm ; P = 0.29 kN  
(b) δ = 0.037 mm ; P = 0.61 kN  
(c) δ = 2.49 mm ; P = 0.29 kN  
(d) δ = 5.10 mm ; P = 0.09 kN  
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Figure 5.15: The modelling behaviour of a composite corrugation with a geometrical 
imperfection; (a) at initial contact, the right-end of the strut is initially bent, (b) peak 
loading, (c) buckling-dominated behaviour as three of the unit cells buckled and (d) 
initial contact between upper platen and centre of the struts. Note that this is an 
example for a GFRP corrugation with H = 0.19 mm. The colour spectrum represents 
Hashin’s fibre compression damage initiation criterion. 
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(b) δ = 0.20 mm ; P = 0.45 kN  
(c) δ = 1.43 mm ; P = 0.35 kN  
(d) δ = 4.50 mm ; P = 0.45 kN  
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In comparing the experimental results and the numerical predictions with the 
theoretical analysis, based on Equation 4.21, the analytical calculation accurately 
predicts the peak load for the GF2U5 corrugated-core structure with built-in ends (λ 
= 2). The model is 3% higher than the experimental value. Similarly, for the CF2U5 
corrugated-core specimen, the equation gives a very close approximation, PE ~6.5 kN 
to the experimental result if λ = 1.42, representing a clamped-hinged condition at the 
ends. In contrast, the pinned-ended boundary condition (λ = 1) gives the closest 
theoretical prediction PE ~6.4 kN for the AL5 corrugated-core structure with the 
value being approximately 3% higher than the measured data. For this reason, the 
theoretical equation tends to over-predict the critical load. This is because the 
analytical model does not take into account imperfection issues as well as the 
inconsistency of the end condition, given that localised shear deformation may occur 
in the bonding area during testing. 
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5.4.2 Modelling of Compression Rigid Foam Core 
An FE analysis on the foam was carried out to model the behaviour of the rigid 
polyurethane (PUR) foam numerically. A static compression test on the foam that 
was used to fill the corrugated-core sandwich structures is simulated with the 
experimental input data. The aim of this exercise was to confirm the validity of the 
foam input data to be used in the model corrugated-core filled foam sandwich 
structures. The next section presents the numerical procedures for modelling this 
foam core under static compression loading. 
 
5.4.2.1 Geometry and Element 
In simulating the compression test, the foam was modelled accordingly to the 
experimental dimensions. For this PUR foam, dimensions of 25 mm x 25 mm x 25 
mm were used, i.e. the dimensions in Section 3.4.4.  The foam was modelled using 
eight-noded linear continuum elements, with reduced integration and hourglass 
control (C3D8R). The element mesh was of 10 x 10 x 10, which consists of a total of 
1000 elements as presented in Figure 5.16. A mesh-sensitivity study was conducted 
and further refinements did not change the prediction appreciably. 
 
 
 
Figure 5.16: The 3D brick element mesh used in the foam modelling. 
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5.4.2.2 Interaction Property, Boundary and Loading Conditions 
In modelling the foam, Figure 5.17 shows the foam interacts with the rigid platens 
with a hard contact property, hard in the normal direction and frictionless in the 
tangential direction. The bottom of the core was fixed to the bottom surface of the 
platen while at the top, the translation in the y-direction was free to allow downward 
movement of the top surface of the core. A displacement boundary condition, 
assigned to a reference point placed at the centre of the circular rigid platen, was then 
applied to crush the model. The reference point also was used to record the contact 
load and displacement for the foam model. 
 
 
 
Figure 5.17: Loading direction, boundary conditions and assembly for the foam core 
model between the two rigid platens. 
 
5.4.2.3 Material Model and Input Data 
The foam material model requires more data than the standard metal elastic-plastic 
properties. To define the elastic response of the model, a linear isotropic elasticity 
model was used. The input data required in elastic region were Young’s modulus, E 
= 4.12 MPa and the Poisson’s ratio. The Poisson’s ratio, υ was assumed to be zero. 
From experimental observations during the compression test and the reducing 
volume characteristics of the foam during crushing as reported by Alias et al. [18], 
the effect is insignificant. 
 
Bottom core = Fixed (Ux = Uy = Uz = URx = URy = URz = 0) 
Top core = Ux= Uz = URx = URy = URz = 0; Uy ≠0 
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To predict the plastic behaviour, a crushable foam material model with isotopic 
hardening was used. The model assumes similar behaviour in tension and 
compression, where the yield ellipse is centred at the origin in the p-q stress plane, 
evolving in a geometrically self-manner, governed by the equivalent plastic strain. 
This model was developed for metallic foam structures by Deshpande and Fleck 
[19]. 
 
The yield surface represents the von-Mises circle in the deviatoric stress plane. The 
yield surface in the meridional stress plane is presented in Figure 5.18. The shape 
factor, a& can be calculated using the initial yield stress during uniaxial compression, 
σc0 and the initial yield stress in hydrostatic compression, pc0 using relationship 
below: 
 
29
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K
=a&  where      0
0
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c
p
s
=K                          5.23 
 
K is the compression yield stress ratio, and this value defines the shape of the yield 
ellipse.  
 
 
 
 
Figure 5.18: The yield surface and flow potential in the p-q stress plane for the 
isotropic crushable foam model [2]. 
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From Figure 5.18, the flow potential in the isotropic hardening model is given by: 
 
222 pqG b+=&                                                   5.24 
 
where β represents the shape of the flow potential ellipse in the  p-q stress plane. The 
term β is related to the plastic Poisson’s ratio, υp as: 
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where the υp is the ratio of the transverse to the longitudinal plastic strain under 
uniaxial compression. This value lies within the range of -1 to 0.5. 
 
When hydrostatic data is not available, the compression yield stress ratio K can be 
calculated from the plastic Poisson’s ratio as:  
 
 )21(3 pu-=K                                                   5.26 
 
From Equation 5.26, the input properties for υp and K are 0 and 1.732, respectively. 
The crushable strain hardening data, used in the FE model, are presented in Table 5.4 
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Table 5.4: The strain hardening data used to define the hardening characteristics of 
the crushable foam model. 
 
Yield stress (MPa) Plastic strain 
0.153859 0.0 
0.153859 0.1 
0.153859 0.2 
0.153859 0.3 
0.153859 0.4 
0.161142 0.5 
0.181109 0.6 
0.201876 0.7 
0.220871 0.8 
0.250201 0.9 
0.301219 1.0 
0.350138 1.1 
0.450678 1.2 
 
 
5.4.2.4 Modelling Data Output 
In this numerical analysis, stress, strain, reaction force and the displacement field 
output were requested for the entire foam model. In the history output, the 
displacement and reaction force data in the y-direction were obtained at the rigid 
platen reference point. 
 
5.4.2.5 Results from the Numerical Analysis 
Figure 5.19 compares the full experimental response of the compression-load 
displacement traces with the numerical analysis. It is clear that as a result of the use 
of the crushable foam material model, the FE data give a good prediction from the 
linear elastic and plateau regions up to densification zone.  
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Figure 5.19: The measured mechanical response of the PUR foam. The FE 
simulation shows good agreement with the experimental data.  
 
Figure 5.20 shows the progressive deformation modes in the foam model in the 
compression direction. The crushing pattern in the model is in a good agreement with 
the experimental data, as shown in Figure 4.11.  
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Figure 5.20: The modelling behaviour of a foam core; (a) at initial contact, (b) peak 
loading, (c) plateau region and (d) the initial densification region. Note that the 
colours represent the deformations. 
  
(a) δ = 0.2 mm ; P = 22.13 N  
(b) δ = 2.2 mm ; P = 96.84 N  
(c) δ = 7.6 mm ; P = 98.36 N  
(d) δ = 15 mm ; P = 152.92 N  
 U, Magnitude 
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5.4.3 Modelling of Bi-axial Loading of Corrugated-core Structure 
This section presents the numerical simulation procedure for modelling the 
corrugated-core structures under combined compression-shear loading. The 
procedure is similar to the procedure used for static compression modelling, as 
discussed in Section 5.4.1, except for a few steps especially loading direction.  The 
objective of this modelling procedure is to determine the linear stiffness responses 
for different loading angles.  
 
5.4.3.1 Geometry and Element 
The compression-shear behaviour of the corrugated-core structure was modelled 
according to the experimental dimensions. For the corrugated-core, nine thin plates 
were modelled using S4R shell elements. Each of the shell plates consisted of 25 x 
14 element mesh, to give a total of 3024 elements, as presented in Figure 5.21. The 
figure also shows that the loading platens were modelled using a four-noded 3D 
bilinear rigid qaudilateral element (R3D4). Each of the platens was modelled exactly 
with the dimension taken from the Arcan test rig, i.e. dimensions of 100 mm x 80 
mm x 10 mm, with 6 holes.   
 
 
 
 
 
 
 
 
 
Figure 5.21: (a) Meshing of the loading platens and corrugated-core, (b) meshed 
corrugated-core, and (c) meshed loading platen. 
(a)  
(b)  
(c)  
Discrete rigid 
surface - 
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Deformable body – 
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5.4.3.2 Interaction Property, Boundary and Loading Conditions 
With respect to modelling bi-axial loading, Figure 5.22 shows how the corrugated-
core interacted with the rigid platens with a hard contact property, hard in the normal 
direction and frictionless in the tangential direction. Since this is an ideal case to 
simulate the behaviour in the linear elastic region, the edges of the corrugations were 
modelled as perfectly sharp, and the nodes along the upper and lower edges were tied 
to represent the case of perfect bonding.  The tied contact formulation constrains 
only translational degrees of freedom in the simulations. A displacement boundary 
condition, assigned to a reference point placed at the centre of the square rigid platen, 
was then applied in two positions; x and y-directions, to collapse the corrugated-core 
structure model under compression and shear loads simultaneously. The reference 
point was also used to record the contact load and displacement data from the 
corrugated-core model.  
 
 
 
 
Figure 5.22: Loading direction, boundary conditions and assembly of the foam core 
model between two rigid platens. 
 
5.4.3.3 Material Model and Input Data 
To define the elastic response of the model, a linear isotropic elasticity model was 
used for the aluminium system, and orthotropic engineering constants for the 
composite materials. The input data for the aluminium and composite materials are 
given in Sections 5.2 and 5.3, respectively.  
 
Bottom core = Tied (Ux = Uy = Uz =0  ; URx = URy = URz ≠ 0) 
Top core = Tied 
Py, δy 
Upper rectangular platen 
Corrugated-core 
Lower rectangular platen 
Px, δx 
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5.4.3.4 Modelling Data Output 
In this numerical analysis, stress, strain, the reaction force and the displacement field 
output were requested for the whole corrugated-core model. In the history output, the 
displacement and reaction force data in x and y-directions were requested at the rigid 
platen reference point. 
 
5.4.3.5 Results from the Numerical Analysis 
Figure 5.23 shows the resulting load-displacement curves for an aluminium alloy 
corrugation for five values of loading angle, α. An examination of the figure 
indicates that the predictions of the FE model agree well with those offered by 
Equations 4.28 and 4.29. Both equations were used to predict the elastic response of 
the composite materials, and give a good correlation with the numerical results. 
Figure 5.23 also confirms the predictions of the analytical approach that state that the 
initial stiffness of the corrugated structure is independent of the loading angle α, 
except for values close to and equal to 0° and 90°, for which cases there is a small 
increase in the initial stiffness. 
 
Figure 5.23: Comparison between the analytical solutions and the numerical analysis 
in the form of load-displacement traces for loading angles from 0o to 90o.   
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Figure 5.24: Prediction of initial stiffness (P/δ) from analytical methods compared to 
numerical analysis, from 0° ≤ α ≤ 180°: (a) AL, (b) CFRP, and (c) GFRP. 
 
Meanwhile, Figure 5.24 shows the influence of loading angle, 0° ≤ α ≤ 180° on the 
initial stiffness of the structure. Interestingly, based on the geometry of the above 
corrugated structure, the initial stiffness is the same in pure compression (α = 90°), 
and pure shear (α = 0° and 180°) while the overall response is a gentle sinusoidal 
function with a maximum peak at α = 45° and a minimum at α = 135°. The 
maximum and minimum values of the initial stiffnesses are influenced by the number 
of inclined struts that are in line with the applied load, either at α = 45° or 135°, 
respectively. Further investigation into Figure 5.24 shows that the variation of initial 
stiffness is less than 10% (AL with an average stiffness of 292 kN/mm and a 7.6% 
variation), and the average initial stiffness of the AL corrugation is higher than the 
composite corrugations with the same geometry and cell wall thickness, H = 0.5 mm. 
 
Figure 5.25 show the progressive deformation of the corrugated-core model under 
combined compression-shear loading at an angle of α = 67.5°.  Here, the collapse 
pattern in the AL corrugation model shows good agreement with the images from the 
experimental result in Figure 4.32.  
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Figure 5.25: The modelling behaviour of the Arcan test for the AL corrugation at a 
loading angle of 67.5o (a) at initial contact, (b) peak loading, (c-d) progression of 
buckling and collapse of the unit cells. Note that the colours represent the Mises 
stress.  
(a) δ = 0.005 mm  
     P = 1.63 kN  
 
(b) δ = 0.05 mm  
     P = 5.36 kN  
(c) δ = 2.45 mm 
     P = 1.58 kN  
(d) δ = 5.55 mm 
     P = 2.82 kN  
P, δ 
α = 67.5° 
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5.4.4 Modelling the Compression Response of the Corrugated Foam-filled Core 
Structure 
This section presents the FE modelling procedures for the composite corrugated-core 
sandwich structures filled with two different insertion configurations of foam, under 
compression loading.   
 
5.4.4.1 Geometry and Element 
For this modelling procedure, the foam core was modelled using the brick element, 
C3D8R, and  the corrugated-core was modelled using eight-noded hexahedron, finite 
membrane strain elements (SC8R). The reason of choosing the continuum shell 
element (SC8R) instead of the conventional shell element (S4R) was to avoid over-
constraint at kinematic relationship of displacement between the interface of the shell 
and solid elements [3]. All the geometries in the model were drawn in 3D solid for 
the foam and the corrugated-core sandwich structures.   
 
An early attempt of the 3D solid modelling with perfect sharp edge corner had shown 
that the corner of the core was penetrating the upper skin of the model. This was 
believed to be due to stress concentration at the apex of the sharp edge, and therefore 
the sharp edge of the core penetrated the nodes between the elements in the upper 
skin. Figure 5.26 shows the deformation as well as penetration of the apex of the core 
into the upper skin.   
 
 
   
 
Figure 5.26: The sharp edge contact between the corrugated-core and the upper skin; 
(a) contact set-up, (b) initial deformation and (c) progression and penetration of the 
sharp corner. 
 
(a)  (b)  (c)  
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To overcome this problem, the geometry of the corrugated core was modified, as 
shown in Figure 5.27(a). The sharp edge was modified to become a flat surface in 
contact, where 0.354 mm was cut from the tip from each edge. Consequently, the 
overall thickness of the core was reduced from 10 mm to 9.29 mm, with a small 
reduction of 7 % in the total thickness.  
 
 
 
 
 
Figure 5.27: The corrugated-core sandwich structures filled with foam; (a) dashed-
line is the cut area, and (b) types of elements used in the modelling.  
 
Figure 5.27(b) shows the elements used in the modelling. Structured and sweep 
techniques in mesh control were implemented, to generate uniform and correct 
meshing, based on element shapes, i.e.  for triangular shapes; SC6R is a 6-node 
triangular element for continuum shell wedge and C3D6 is a 6-node linear triangular 
0.354 mm 
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prism element. Meshes of the structures are shown in Figure 5.28. Note that the 
circular compression platen was modelled using the analytical rigid surface. 
 
 
 
 
 
 
 
    
Figure 5.28: The meshes for modelling; (a) conventional corrugated-core, (b) semi-
filled core and (c) fully-filled with foam core.  
 
To summarise, the number of elements used in the study were 25000 elements for the 
corrugated-core, 2650 elements for the top and bottom skins and a total of 68000 
elements for the fully-filled foam core. A mesh-sensitivity study was conducted and 
further refinements slightly changed the results of the numerical analysis. 
 
5.4.4.2 Step, Interaction Property, Boundary and Loading Conditions 
The step procedure for a quasi-static loading in this FE analysis was changed from 
*STATIC,General (Abaqus/Standard) to *DYNAMIC,Explicit (Abaqus/Explicit), 
due to explicit integration has more capabilities in solving nonlinear contact problem.  
 
In this modelling, Figure 5.29 shows the upper surface of the sandwich structure was 
interacted with the rigid platens with penalty-softened contact property, where a 
(a)  
(b)  
(c)  
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linear pressure overclosure contact in normal direction and frictionless contact in the 
tangential direction. All nodes along the upper and lower core edges were tied to the 
skins, to represent the case of perfect bonding.  An initial imperfection was also 
introduced in the modelling to accurately predict the buckling behaviour, as 
mentioned in Section 5.4.1.6. The surface contact between the foam and the core-
corrugated core was assumed to have a good bonding, and tied constraint was 
implemented to the surfaces. A comparison between the model with and without 
foam in tied constraint will be discussed later. The lower surface of the bottom skin 
was fixed, to prevent from any displacement and rotation movements. 
 
A displacement boundary condition, assigned to a reference point placed at the centre 
of the circular rigid platen, was then applied in y-direction, to press the corrugated-
core structure model in a compression mode. The reference point was also used to 
record the contact force and displacement in the model.  
 
 
 
 
 
Figure 5.29: Loading direction, boundary conditions and assembly of the corrugated-
core with foam model.  
 
5.4.4.3 Material Model and Input Data 
The input data for elastic property and progressive damage development in this 
model, were used as described in Section 5.3 for the composite corrugated-core and 
in Section 5.4.2.3 for the foam core.  
 
 
Bottom core = Tied to bottom skin 
Top core = Tied to upper skin 
Py, δy 
Upper circular platen 
Semi-filled 
core model 
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5.4.4.4 Modelling Data Output 
In this analysis, stress, strain, contact force and displacement field output were 
requested for the whole sandwich structure model. In the history output, the 
displacement and contact force data in the y-direction were obtained at the rigid 
platen reference point. 
 
5.4.4.5 Results from the Numerical Analysis 
The FE data for the structures were compared to the experimental results to verify 
the numerical model. Figure 5.30 shows plots of the load-displacement traces of 
experimental (GF5U5) and FE data, for a conventional corrugated-core structure. It 
is clear from the figure that the FE result indicates a good agreement with the 
corresponding experimental result. This level of good agreement is obtained between 
the numerical simulation and the experimental result in terms of initial stiffness, the 
peak load and the subsequent buckling behaviour. Beyond the peak load, the 
predicted load-displacement traces correlate well with the experimental data, 
exhibiting similar trends of reducing resistance to the crushing. In general, the 
numerical model offered reasonably good predictions of the essential features of the 
experimental load-displacement traces. 
 
 
Figure 5.30: The measured response and the predictions of the load-displacement 
response for conventional GFRP corrugated-core structure. Note that in this FE 
analysis, the platen was displaced by 3.5 mm.  
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Figure 5.31 shows the deformation of the GFRP corrugation model in this analysis. 
The buckling pattern in the model shows a good agreement with the images from the 
experimental result, as shown in Figure 4.13(b).  
 
 
 
 
 
 
 
 
 
Figure 5.31: Predicted deformation modes for the composite corrugated-core 
structure; (a) initial buckling and (b) contact between the upper skin and middle of 
the struts. Note that the inset gives the Mises stress. 
 
The FE responses of the corrugated-core structures filled with the foam are shown in 
Figures 5.32 and 5.36 with those determined experimentally during the compression 
test. Figure 5.32 compares the experimental response of the compression-load 
displacement traces with the two different contact conditions in the numerical 
analysis. The first condition (FE_Tied) is where the foam is assumed to have a good 
bonding with the surfaces of the corrugated-core. The second condition (FE_Untied) 
is vice versa, where untied between the foam and corrugated-core.  
 
(a) δ = 0.35 mm ; P = 3.64 kN  
(b) δ = 3.49 mm ; P = 1.98 kN  
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Figure 5.32: The measured response for a GFRP corrugated-core with a foam-filled 
structure and compared with two numerical simulations, the corrugated-core tied or 
untied with the PU foam.  
 
 
 
 
 
 
 
Figure 5.33: Predicted deformation modes for a corrugated-core structure with untied 
foam; (a) initial buckling and (b) both sides of foam went out from the core. Note 
that the inset gives the Mises stress. 
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(b) δ = 1.25 mm ; P = 2.69 kN  
 
S. Mises 
SNEG (fraction = -1.0) 
Avg. 75% 
Chapter V                                                                               Finite Element Modelling 
 
196 
 
The FE_Untied model shows a good relationship in stiffness responses, however the 
model predicted the maximum load is 44% lower compared than the experimental 
value. The simulation was deliberately stopped at 1.25 mm due to both sides of the 
foam extending out from the corrugated-core, as in Figure 5.33.  Apparently, less 
contact between the core, and therefore foam reduces the peak strength of this model.  
 
In the FE_Tied model, it is clear that the numerical result gives a good prediction for 
stiffness of the core, and just about 18% lesser of the peak strength compared to 
experimental result. However, the model is progressively and well-deformed for both 
corrugated-core and foam. The numerical interaction between the core and foam 
slightly increases by 30% of the contact load just after the peak compared to 
experimental data, but it is a reasonable prediction beyond that until the densification 
region. Interestingly, due to the fact that the PU foam is a compressible structure 
with a low density, almost all of the compression loads are carried by the corrugated-
core structure and the foam insignificantly a load carrier in this sandwich 
configuration, as can be confirmed in Figure 5.34. Progressive deformations of this 
model are shown in Figure 5.35, and the collapse behaviour in the model is showing 
a good agreement with the experimental images, as in Figure 4.26.  
 
    
 
   
Figure 5.34: Comparison of a unit cell in the corrugated-core structure with fully-
filled at different magnitudes; (a) deformation and (b) stress.  
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Foam compressed 
 
 
S. Mises 
SNEG (fraction = -1.0) 
Avg. 75% 
U, Magnitude 
Chapter V                                                                               Finite Element Modelling 
 
197 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35: Predicted deformation modes for a corrugated-core structure with fully-
filled foam; (a) initial loading, (b) peak loading, (c-d) deformation in progress as the 
corrugated-core buckled and the foam been compressed. Note that the inset gives the 
deformation values. 
 
Figure 5.36 shows the measured response and predictions of the load-displacement 
trace for the corrugated-core structures with semi-filled foam core. Here, the 
numerical value slightly overestimates the peak load by 18% than the experimental 
result. However, in Figure 5.37 shows the deformation pattern of the structure agreed 
well with the experimental results.  
(a) δ = 0.035 mm ; P = 0.606 kN  
(b) δ = 0.53 mm ; P = 7.88 kN  
(c) δ = 1.50 mm ; P = 2.63 kN  
(d) δ = 3.19 mm ; P = 3.24 kN  
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Figure 5.36: The measured response and the predictions of the load-displacement 
response for a corrugated-core with semi-filled structure. Note that this is GFRP 
sandwich structure with semi-filled core (GFPUS).   
 
 
 
 
 
 
 
Figure 5.37: Predicted deformation modes for a corrugated-core structure with semi-
filled foam; (a) peak loading and (b) collapse of corrugated-core sandwich structure. 
Note that the inset gives the deformation magnitude. 
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5.5 Dynamic Finite Element Modelling 
This section presents details of the numerical modelling procedures for the metal and 
composite corrugated-core sandwich structures under dynamic compression loading. 
These three dimensional numerical simulations with six degrees of freedom were 
performed using Abaqus/Explicit. At the end of this section, the numerical data will 
be compared using experimental results. 
 
5.5.1 Model Geometry and Element 
The response of the corrugated-core sandwich structure under dynamic compression 
loading was modelled using the conventional shell element, S4R. As in the quasi-
static modelling in Section 5.4.11, the corrugated-core was modelled together with 
upper and lower skins, as in Figure 5.38. The element size for each of the skins was 
of 12 x 50, giving a total of 600 elements. A total of 3500 elements were generated in 
the corrugated-core, as same as used in the quasi-static FE models.  Overall, the total 
number of 4700 element meshes was used in this sandwich structure model. 
 
 
Figure 5.38: The meshes of the sandwich structure modelling. 
 
The impactor was modelled as a flat plate using the discrete rigid surface, R3D4, and 
positioned above the sandwich model with a 1 mm offset. The small offset was 
introduced so that the impactor and the sandwich model were not in contact at the 
beginning of the simulation.  
 
5.5.2 Interaction Property, Boundary and Loading Conditions 
Figure 5.39 shows the model assembly used to simulate the dynamic compression 
test.  A point mass, equal to the mass of the experimental impactor, was assigned to a 
reference point located at the centre of the flat plate. The reference point also was 
used to record the displacement from this model.  
 
Chapter V                                                                               Finite Element Modelling 
 
200 
 
An initial velocity was prescribed to the rigid plate, was equal to the impact velocity 
engaged in the experiments. An initial imperfection was also introduced in the 
sandwich structure modelling to accurately predict the buckling behaviour, as 
mentioned in Section 5.4.1.6. A surface-to-surface contact algoritham was used to 
define contact between the impactor and the sandwich model. Self-contact within the 
corrugated-core was also modelled. The interaction properties were set to ‘softened’ 
in the normal direction and a friction coefficient of 0.15 was assumed in the 
tangential direction. All nodes along the upper and lower core edges were tied to the 
skins. The lower surface of the bottom skin was fixed, to restrain from any 
movements. 
 
 
 
 
 
Figure 5.39: Loading direction, boundary conditions and assembly for the dynamic 
compression model.  
 
5.5.3 Material Model and Input Data 
The input data for the elastic property and progressive damage development in this 
model, were used as described in Sections 5.2 and 5.3 for the aluminium and 
composite materials, respectively.  
 
Rate-dependent plasticity, based on a scaling function, was used in the analysis. This 
rate-dependent hardening curve in terms of static relation can be expressed as [2]: 
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where R is a yield stress ratio between the dynamic and static strengths. The 
equivalent plastic strain, plev  : 
 
dtplplpl ò=
t
0
:
3
2 eee &&v                            5.28 
 
S
 
s
s DR =                                        5.29 
 
The yield stress ratio for the AL 2024-0 material was set as R = 1.0 , 2.5 at ple&v = 0 , 
40 s-1 , and the data were taken from reference [20].  
 
5.5.4 Modelling Data Output 
In this analysis, the stress, strain, contact force and displacement field output were 
requested for the whole sandwich structure model. In the history output, the 
displacement data in the y-direction were obtained at the rigid platen reference point, 
while the contact force data were measured form the interaction between the 
impactor and upper skin. The acquisition frequency was set to 1 x 10-5 s-1. 
 
5.5.5 Results from the Numerical Analysis 
The FE results for the structures were compared to the experimental results to verify 
the numerical model. Figure 5.40 shows the force-displacement traces of 
experimental and FE results, for an aluminium system. The Figures 5.40(a) and (b) 
show the impact response at low and beyond the energies to break the structures, 
respectively. In general, a small imperfection with a scale factor of 1% as used in 
quasi-static FE model, was applied to the thickness of the model, the FE results 
indicate good agreement with the corresponding experimental results. The 
deformation trends in the dynamic FE models mirror those observed in the quasi-
static FE models, where buckling was dominating the initial damage mechanisms of 
the structure, as shown in Figure 5.41. 
 
 
 
Chapter V                                                                               Finite Element Modelling 
 
202 
 
 
 
 
 
 
Figure 5.40: The measured response for an aluminium corrugated-core structure 
compared to the numerical simulation. The force-displacement responses for the 
model with FE–ξ = 0.01 show reasonable agreement with the measured response. 
Note that in this FE analysis, an initial velocity of (a) 0.99 m/s and (b) 3.13 m/s has 
been applied. 
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Figure 5.41: Predicted deformation modes for an aluminium corrugated-core 
structure at a velocity of 3.13 m/s; (a) initial contact and (b) buckling of the struts. 
Note that the inset gives the Mises stress. 
 
Figure 5.42 shows the force-displacement traces for the experimental and FE results, 
for typical composite corrugated-core structures. Figures 5.42(a) and (b) show the 
impact response at low and beyond the energies to break the structures for GFRP 
corrugated-core specimens, respectively. With an imperfection amplitude of 5% was 
applied to the thickness of the model, the FE results indicate reasonable agreement 
with the corresponding experimental results. The deformation trends in the dynamic 
FE models were observed similar in the quasi-static FE models, where buckling and 
followed by fibre fracture were the typical damage mechanisms of the structure, as 
shown in Figure 5.43. 
 
 
 
(a) t =20 μs ; δ = 0.062 mm ; F = 0.69 kN  
(b) t =250 μs ; δ = 0.689 mm ; F = 4.19 kN  
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Figure 5.42: The measured response for the GFRP corrugated-core structure 
compared to the numerical simulation. The force-displacement responses of the 
model with FE–ξ = 0.05 show reasonable agreement with the measured response. 
Note that in this FE analyses, an initial velocity of (a) 0.99 m/s and (b) 3.13 m/s has 
been applied. 
 
 
0
2000
4000
6000
8000
10000
0 0.1 0.2 0.3 0.4 0.5
C
on
ta
ct
 F
or
ce
 (N
)
Displacement (mm)
Expt.
FE-Perfect
FE, ξ = 0.05
0
2000
4000
6000
8000
10000
12000
14000
16000
0 0.5 1 1.5 2 2.5 3
C
on
ta
ct
 F
or
ce
 (N
)
Displacement (mm)
Expt.
FE-Perfect
FE, ξ = 0.05
(a) 
(b) 
Chapter V                                                                               Finite Element Modelling 
 
205 
 
 
 
 
 
 
 
 
Figure 5.43: Predicted deformation modes for a corrugated-core structure at a 
velocity of 3.13 m/s; (a) initial buckling and (b) fibre fracture in the struts. Note that 
the inset gives the magnitude of fibre damage in compression. 
 
 
5.6 Summary of Chapter V 
Chapter V presented details of the FE modelling procedures and discussions on 
validating the results between the experimental and numerical data. Abaqus/Standard 
was used to predict the quasi-static response while an explicit dynamic solver, 
Abaqus/Explicit was used in simulating the low velocity impact test results. In 
general, the numerical models offered good agreement in terms of the essential 
features of the experimental load-displacement traces, as listed in Tables 5.5 and 5.6. 
The evidence suggests that the FE modelling procedures used to create the model 
could be used to model corrugated-core sandwich structures with different material 
properties. 
 
 
 
 
(a) t = 20 μs ; δ = 0.062 mm ; F = 0.24 kN  
(b) t = 430 μs ; δ = 1.11 mm ; F = 4.86 kN  
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Table 5.5: Predicted peak loads compared to the experimental results for the 
corrugated-core sandwich structures subjected to lateral compression loads. 
Specimen Imperfection amplitude, ξ 
Experiment - 
Ave. Pmax (kN) 
FE Prediction - 
Pmax (kN) 
Percentage 
different (%) 
AL1 0.01 1.503 1.496 -0.43 
AL2 0.01 2.635 2.592 -1.63 
AL3 0.01 3.724 3.888 4.42 
AL4 0.01 4.829 5.184 7.36 
AL5 0.01 6.320 6.480 2.53 
GF2U1 0.05 0.107 0.097 -9.35 
GF2U2 0.05 0.178 0.194 8.99 
GF2U3 0.05 0.263 0.291 10.65 
GF2U4 0.05 0.375 0.388 3.47 
GF2U5 0.05 0.460 0.485 5.55 
GF3U5 0.05 1.191 1.281 7.56 
GF4U5 0.05 2.582 2.995 16.00 
GF5U5 0.05 4.126 4.727 14.57 
GF7U5 0.05 11.23 13.02 15.93 
GF10U5 0.05 21.52 23.96 11.37 
CF2U1 0.05 1.169 1.198 2.52 
CF2U2 0.05 2.183 2.396 9.78 
CF2U3 0.05 3.187 3.594 12.77 
CF2U4 0.05 4.514 4.792 6.17 
CF2U5 0.05 5.965 5.990 0.43 
CF3U5 0.05 6.068 6.320 4.15 
CF4U5 0.05 7.747 8.812 13.75 
CF5U5 0.05 8.759 9.960 13.71 
CF6U5 0.05 15.55 15.60 0.29 
Average 6.69 
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Table 5.6: Predicted peak contact forces compared to the experimental results for the 
corrugated-core sandwich structures (H = 0.5 mm) under the low velocity impact. 
Specimen Imperfection amplitude, ξ 
Velocity, 
v (m/s) 
Experiment 
- Ave.  Fmax 
(kN) 
FE 
Prediction - 
Fmax (kN) 
Percentage 
different 
(%) 
AL5_I1 0.01 0.99 2.51 3.03 20.72 
AL5_I2 0.01 1.40 6.31 6.02 -4.60 
AL5_I3 0.01 1.98 7.09 7.21 1.69 
AL5_I4 0.01 3.13 7.37 7.13 -3.26 
AL5_I5 0.01 4.43 6.24 7.15 14.58 
GF5U5_I1 0.05 0.99 3.47 3.11 -10.37 
GF5U5_I2 0.05 1.40 3.99 4.15 4.01 
GF5U5_I3 0.05 1.98 6.11 6.5 6.38 
GF5U5_I4 0.05 3.13 5.89 7.01 19.02 
GF5U5_I5 0.05 4.43 5.83 6.80 16.64 
CF2U5_I1 0.05 0.99 3.18 3.24 1.89 
CF2U5_I2 0.05 1.40 7.35 6.98 -5.03 
CF2U5_I3 0.05 1.98 7.54 7.67 1.72 
CF2U5_I4 0.05 3.13 6.53 7.42 13.63 
CF2U5_I5 0.05 4.43 6.74 7.31 8.46 
Average 5.70 
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6.1 Introduction 
This chapter discusses the experimental and numerical results from the tests on the 
corrugated-core sandwich structures subjected to different testing conditions. For the 
quasi-static compression tests, the effect of varying the number of unit cells, cell 
wall thickness, width and the configuration of the foam in foam-filled sandwich 
structures will be analysed. For bi-axial loading, strength-to-failure criteria for the 
corrugated-core structures were determined. For low velocity impact tests, the 
responses of the specimens will be analysed and compared with quasi-static data. 
Following a discussion of progressive damage development in the specimens, the 
fracture modes in the corrugated-core structures will be presented and characterised. 
Finally, these novel corrugated-core structures will be compared to existing cores.  
 
6.2 The Effect of Varying the Number of Unit Cells 
One would instinctively expect the performance of a multiple unit cell corrugation to 
accurately reflect that of a single cell system. However, difficulties associated with 
the manufacture of small single cell specimens, as well as problems with test 
alignment, may introduce unwanted irregularities into the test data. In order to 
establish this more accurately, tests were undertaken on corrugated specimens based 
on between one and five cells.  
 
The effect of varying the number of unit cells on the compression strength of the 
aluminium and composite sandwich structures is shown in Figure 6.1(a). A 
comparison of the numerical analyses and the experimental results indicates that the 
influence of the cell number is accurately predicted. Clearly, the compression 
strength, σmax , of the aluminium corrugation is much higher than that of the GFRP 
structure, due to the fact that the aluminium alloy is significantly thicker than its 
composite counterpart. Figure 6.1(b) shows the variation of the strength and modulus 
of the CFRP-based corrugations as a function of cell number. Here, the model 
accurately estimates the experimental strength and modulus values between one and 
five unit cells, for the metal and composites corrugations, with there being a linear 
relationship for both compression strength and modulus.  
 
 
Chapter VI                                                                                                     Discussion 
212 
 
 
 
 
 
 
Figure 6.1: (a) Comparison of the measured and numerical data for compression 
strength of the AL5 and GF2U5 corrugated-core sandwich structures, and (b) 
compression strength and modulus properties as a function of the number of unit 
cells for the CF2U5 corrugated-core sandwich structures. 
 
A comparison of Figures 6.1(a) and (b) indicates that the strengths of the aluminium 
and carbon fibre corrugations (AL5 and CF2U5) are similar, in spite of the fact that 
the density of the composite is significantly lower than that of the alloy.  
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All of the corrugated-core specimens were deformed to a similar level of crosshead 
displacement, and initial failure was dominated by instability of the struts or 
buckling. Figure 6.2 shows the deformed shapes of the GFRP corrugated structures 
based on between one and five unit cells. An examination of the photographs 
indicates that the failure modes are similar in all five specimens, with buckling and 
subsequent fracture of the cell walls being in evidence.  
 
 
    
 
 
 
 
 
 
 
Figure 6.2: Photographs of damage in GFRP corrugated-core specimens based on an 
increasing number of unit cells. 
 
6.3 The Effect of Varying the Cell Wall Thickness 
Figure 6.3 shows the variation of compressive strength and modulus of the GFRP 
and CFRP corrugations as a function of wall thickness. As expected, the strength 
increases in a highly non-linear fashion with wall thickness. The compression 
strength of the CFRP corrugated-core with a wall thickness, H = 1.25 mm is 
impressive, with a value in excess of 18 MPa being recorded. The modulus property 
of the corrugations also increases rapidly with wall thickness. Further analysis of 
Figures 6.3(a) and (b) indicates that the properties associated with the thickest cores 
tend to be lower than expected. These discrepancies are associated with difficulties 
in manufacturing thicker corrugations. It was observed that once the wall thickness 
of the GFRP system exceeded one millimetre, the apexes became progressively 
rounded and defects were introduced at the bends in the corrugation. This is shown 
schematically in the top right hand corner of the figures. The presence of these 
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manufacturing defects greatly reduced both the strength and modulus of the 
corrugations. The vertical dashed line indicates the thickness beyond which the apex 
in the corrugation becomes rounded. It is worth noting that transition thickness 
geometry for GFRP and CFRP corrugations is 0.98 mm and 1.25 mm, respectively. 
 
 
 
 
 
 
 
 
 
Figure 6.3: Comparison of the experimental data and numerical predictions of the 
compression strength and modulus as a function of cell wall thicknesses for 
sandwich structures based on: (a) GFRP and (b) CFRP.  
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In order to facilitate an appropriate comparison of the compression properties of the 
corrugations, the data in Figure 6.3 were normalised by the density of the core, ρc , to 
yield specific compression strength properties, σsp , and these values are shown as a 
function of cell wall thicknesses in Figure 6.4. The specific strength was calculated 
by; 
 
c
SP


 max
                              
6.1 
The ρc , can be approximated as: 
 
)1( ccfccccc vv   
                            
6.2 
 
where ρc-c and ρf are the densities of the corrugated-core and the foam, respectively. 
Also, vc-c is the volume fraction of the core occupied by the corrugated-core member 
which is [1]: 
 
cos

tH
tH
v cc
                                        
6.3 
Note that for the unfilled corrugated-core sandwich panel, ρf = 0. 
 
An examination of the figure indicates that the specific strength increases rapidly 
with wall thickness with the specific strength of the 1.25 mm panel being roughly 
three times that of the 0.4 mm thick structure. The figure suggests that the CFRP 
composites out-perform their GFRP and aluminium counterparts at a relative density 
of ρ* = 0.07, whereas there appears to be little difference between the two composite 
systems as the wall thickness increases. 
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Figure 6.4: Comparison of the specific strength as a function of cell wall thickness 
for the GFRP, CFRP and aluminium corrugated-cores.  
 
6.4 The Effect of Varying Specimen Width 
A study was conducted on the 2-ply GFRP and CFRP sandwich structures to 
investigate the effect of varying the specimen width. The data from the compression 
tests are shown in Figure 6.5. Here, it is clear that both composite materials exhibit 
similar trends, with the maximum compression load as well as the stiffness 
increasing with specimen width. 
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Figure 6.5: Comparison of the maximum compression load with stiffness as a 
function of width (a) the GFRP and (b) the CFRP sandwich specimens.  
 
Figure 6.6 shows the compressive strength and modulus of the GFRP and CFRP 
corrugations as a function of normalised specimen width, ηw. The figure shows that 
the compression strength and modulus is unaffected by increasing width, i.e. it is 
independent of the specimen width. As indicated in Figure 6.6(a), the average 
compressive strength of the 2-ply GFRP specimen is 0.23 MPa and the modulus is 
15.74 MPa. The dashed line corresponds to the FE prediction of the quasi-static 
compression test model. The results predicted by the model agree well with the 
experimental data. 
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Figure 6.6: Comparison of the experimental data and numerical predictions of the 
compression strength and modulus as a function of normalised width of (a) the 
GFRP and (b) the CFRP sandwich specimens.  
 
An examination of Figure 6.6(b) highlights a slight increase in compression strength, 
while the modulus was unaffected by increasing width. The slight increase in load 
was probably due to the uncontrolled buckling mode shape observed experimentally. 
This analysis increases the critical buckling load above that predicted by the FE 
analysis. Here, the average compressive strength for the 2-ply CFRP specimen is 
3.55 MPa and the modulus is 77.78 MPa.   
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6.5 The Effect of Foam-filled Core 
The measured compression stress versus strain responses of the foam-filled sandwich 
structures and the conventional sandwich structures (unfilled panel) are shown in 
Figure 6.7.  For reference, the compression stress-strain curve for the rigid PU foam 
as the filler is also included. It can be seen that the foam-filled core sandwich 
structure offers a much improved compression strength compared to the sum of the 
conventional structure and the foam alone (by curve A+B).  
 
As shown in Figure 6.7(a), foam filling in the GFRP sandwich structure had the 
effect of initially stabilising the corrugated-core member against buckling, resulting 
in a much enhanced compression strength and modulus compared to the 
conventional structure. As a result, the peak compression stress, σmax , was two times 
greater than the conventional panel or even by the sum of  its constituents A+B 
(foam and unfilled specimen tested separately).  
 
For the CFRP sandwich structure in Figure 6.7(b), the compression strength in the 
fully-filled specimen has increased by over 50% compared to the conventional 
specimen. As the strain increased beyond the peak stress, the stress in the fully-filled 
specimen gradually decreased, in contrast to the much more rapid stress drop in the 
GFRP fully-filled specimen. However, both the GFRP and CFRP fully-filled 
specimens recovered from this stress drop at strains of 0.21 and 0.13, respectively. 
Subsequently, the compression stress in the fully-filled structure was constant and 
the energy absorption clearly increased as the conventional specimen crushed before 
both ends of the corrugated-core debonded.  This improvement was believed to be 
due to the constraint effect between the PU foam and the corrugated-core member. 
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Figure 6.7: Comparison of the plain compression stress-strain behaviour of the PU 
foam, conventional corrugated-core (unfilled foam) and foam-filled core of (a) 
GFRP and (b) CFRP sandwich structures.  
 
In order to further study the effect of filling the corrugated-core sandwich structure 
with the foam, the energy absorption capacity was characterised from the area under 
the stress-strain curve. The energy per unit volume, Ev , is defined as: 
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where the calculation of the value of Ev for the structure in the study was calculated 
up to a strain of ε = 0.6. The energy absorbed in the structure was then calculated as: 
 
VEE va .
 
                                            6.5 
 
In addition, since mass is critical for energy absorbers destined for use in weight-
sensitive applications, the specific energy absorption was another important 
parameter used in the study. The specific energy absorption, SEA , is defined as: 
 
W
E
SEA a
 
                                            6.6 
 
Table 6.1 summaries the results for the properties of the rigid PU foam, the GFRP 
and CFRP sandwich structures. It can be clearly seen that placing PU foam into the 
unfilled corrugated-core structure increases specific strength from 28.2% (semi-
filled) to 63.5% (fully-filled) for the GFRP sandwich specimens. For the CFRP 
fully-filled sandwich structure, the specific strength shows a slight increase up to 
15% relative to the conventional structure. Given that foam is a good energy 
absorption device, and filling the foam inside the corrugated specimen also increased 
the total mass of the structure, the results in table reveal that the SEA for the GFRP 
and the CFRP fully-filled sandwich structures improved by 160% and 105%, 
respectively. Therefore, the effect of injecting the foam is significant in improving 
the specific strength and SEA of the corrugated-core sandwich structures. 
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Table 6.1: Summary of the rigid PU foam, the GFRP and the CFRP corrugated-core sandwich structures. The composite sandwich structures are 
divided into three categories; conventional, semi-filled and fully-filled foam core.  
 
Properties Foam 
GFRP CFRP 
Conventional Semi-Filled Fully-filled Conventional Semi-Filled Fully-filled 
Average Panel Density, ρ (kg/m3) - 261 280 310 244 260 281 
Core Density, ρc (kg/m
3
) 40 115.5 134.2 152.9 98.3 110.4 129.1 
Compression Strength (MPa) 0.15 1.78 2.65 3.85 2.49 3.31 3.76 
Compression Modulus (MPa) 4.12 68.49 85.01 138.89 88.11 113.04 115.4 
Energy Absorbed, Ea (J) 1.42 5.75 10.64 19.86 7.56 11.79 20.44 
Energy Density, Ed (J.m
3
/kg) 0.04 0.05 0.08 0.13 0.08 0.11 0.16 
Specific Strength, σsp  (kN.m/kg) 3.85 15.41 19.75 25.19 25.33 29.98 29.12 
SEA (kJ/kg) 2.27 1.99 3.17 5.20 3.08 4.27 6.33 
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6.6 The Effect of Strain-Rate 
In order to investigate the effect of strain-rate, the geometry of the corrugated-core 
was set to ρ* = 0.07 with an aspect ratio of H/L = 0.035. Figure 6.8 shows the 
variation of the compression strength as a function of the logarithm of strain-rate, for 
the aluminium, GFRP and CFRP corrugated-core sandwich structures. As expected, 
the compression strengths of the corrugated-core materials increased with increasing 
crosshead speed up to 100 mm/minute.  The figure clearly shows the strengths of the 
corrugated-core sandwich structures are dependent on applied strain-rate at these 
very low rates. Note that applied strain-rate, έ = v/hs, is a strain-rate of the 
corrugated-core sandwich specimen (not a nominal strain-rate for parent material), 
where v is the applied crosshead speed and hs is the height of specimen. 
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Figure 6.8: The variation of strain-rate of the compression strength of the corrugated-
core (a) AL (b) GFRP and (c) CFRP sandwich structures.  
 
The study of the low velocity impact responses was divided into incident impact 
energies below and above the threshold energy required to break the specimens. The 
maximum contact force, Fmax , as a function  of the striking velocity is shown in 
Figure 6.9. In Figure 6.9(a), the data are well-represented by a bi-linear curve with 
Fmax increasing linearly with velocity for v ≤ 1.98 m/s, and is reasonably rate-
independent at higher values of v. Meanwhile in the composite corrugated-core 
structures, an examination of Figures 6.9 (b) and (c) indicates that the trend in the bi-
linear curve is very similar, suggesting that the figures are divided into strain-rate 
sensitive and insensitive regions. For the GFRP and CFRP specimens, the transition 
velocity between the sensitivity regions is approximately 2.0 m/s and 1.5 m/s, 
respectively. These bi-linear curve fits agree with the work of Russell et al. [2] who 
also measured the peak stress in E-glass specimens over a range of impact velocities. 
 
Here, the impact velocity at the transition between the rate-sensitive and insensitive 
regions is influenced by the impact energy, Ei. At lower incident impact energies, no 
damage was observed as the impactor bounces back following the initial strike. 
Above the threshold energy to fracture the specimen, the corrugated-core was 
buckled and crushed before rebound. Since the corrugated-cores are buckling-
dominated, inertial effects can delay the onset of buckling load, and change the 
wavelength of buckling mode [3].  
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Figure 6.9 shows the relationship between the incident and absorbed energies. An 
inspection of the figure indicates that almost all of the impact energy, Ei is absorbed 
by the sandwich structures, Ea. The small energy loss was expected, due to friction 
between the impactor and guide rails.   
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Figure 6.9: The measured maximum contact force and energies as a function of 
impact velocity, for (a) AL, (b) GFRP and (c) CFRP sandwich panels. Note that the 
impactor mass ratio, m*, to AL, GFRP and CFRP is 98, 170 and 173 respectively. 
 
The data presented above also show that the maximum dynamic out-of-plane 
compressive strength is higher than the quasi-static value.  Figure 6.10 shows the 
dynamic strength enhancement, σD/σS , as a function of impact velocity, for all three 
specimens. The dynamic strength enhancement is defined by the maximum dynamic 
stress, σD normalised by the quasi-static strength, σS for the same aspect ratio H/L.  
An examination of the figure indicates that in spite of the fact that there is some 
scatter in the data, the GFRP specimens are more sensitive to dynamic effects than 
the AL and CFRP specimens. The strength of the GFRP specimen increased by 50% 
compared to quasi-static value. Interestingly, the strength of both the AL and CFRP 
specimens is about the same, increasing by approximately 22% from the quasi-static 
value. This suggests that the GFRP specimen is more rate-sensitive than the AL and 
CFRP specimens in low velocity impact event. 
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Figure 6.10: The dynamic strength enhancement factor obtained by normalising the 
maximum dynamic stress by the quasi-static strength, plotted as a function of the 
impact velocity.  
 
 
6.7 The Effect of Mixed-mode Loading on the Failure Strength 
It was noted in Section 4.4 that failure in these corrugated-cores is due to 
compression, global buckling, debonding or delamination, with failure being 
associated with one or more of these. Table 4.3 summarises the average failure loads 
(and associated standard deviations), as well as the average compression and shear 
stresses at failure (calculated using Equations 4.31 and 4.32, respectively) in the first 
quadrant-space. For all loading conditions, it is evident that the CFRP corrugation 
offers failure loads that are higher than those measured on the GFRP and AL 
systems. However, there is less scatter in the data for the AL and GFRP specimens.  
 
Figures 6.11(a), 6.12(a) and 6.13(a) show the maximum stresses for the AL, GFRP 
and CFRP corrugations as a function of loading angle, α. The figures show that the 
maximum compression stress increased linearly with α, while the shear stress drops 
in a parabolic fashion with loading angle, as expected,. The evidence in these figures 
highlights that significant interaction exists between the shear and compression 
stresses under mixed-mode loading conditions. Initially, a quadratic failure criterion 
of the following form was applied: 
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where σα and τα are the compression and shear stresses at a given angle α, and σf and 
τf are the compression and the shear strengths at failure. This failure criterion is only 
valid for compression-shear loading conditions where the material is subjected to a 
state of plane stress. This equation accurately predicts the failure response of the 
ductile aluminium corrugations as shown in Figure 6.11(b). However, it does not 
appear to be suited to predicting the data of the composite corrugations shown in 
Figures 6.12(b) and 6.13(b), where the model over-predicts the experimental data. 
This information suggests that an additional term may be required to accurately 
capture the mechanical response of the corrugated-cores. Indeed, a closer 
examination of the CFRP corrugated-core specimen during loading highlighted the 
presence of a complex three-dimensional buckling mode, leading to delamination in 
the individual struts during loading. Evidence of localised delamination was also 
observed in the GFRP corrugation specimen during the initial loading phase, where a 
small drop in load was observed during loading. Therefore, an additional component, 
similar to that used previously by Besant et al. [4] to characterise complex failure in 
an aluminium honeycomb, was introduced in Equation 6.8 to account for the 
occurrence of delamination in the struts as well as through-the-thickness buckling 
effects. This modified criterion takes the form:   
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where σ, τl and τt are the compressive stress and the through-thickness shear stresses 
in the longitudinal and transverse directions, and σu, τlu and τtu are the corresponding 
yield stresses. Here, the value of n required to force the model to fit the experimental 
data was found to be dependent on the corrugation type, with values of n = 1.5 and 
1.2 being required to predict the trends in the failure surface of the GFRP and CFRP 
corrugation, respectively. Determination of the n values are shown in Figure 6.14 
and a valid value of n provides a good fit to the experimental data, suggesting that 
the yield surface criteria is elliptical. 
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Figure 6.11: (a) Variation of the maximum compression and shear stresses with 
loading angle, (b) strength-failure criterion for the AL corrugated-core structure.  
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Figure 6.12: (a) Variation of the maximum compression and shear stresses with 
loading angle, (b) strength-failure criterion for the GFRP corrugated-core specimen.  
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Figure 6.13: (a) Variation of the maximum compression and shear stresses with 
loading angle, (b) strength-failure criterion for the CFRP corrugated-core structure.  
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Figure 6.14: Determination of n values to fit the yield surface criteria of (a) GFRP 
and (b) CFRP corrugated-core structure.  
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6.8 Investigation of the Damage Mechanisms in the Corrugated-core Sandwich 
Structures 
Figure 6.15 shows the damage mechanisms for the two different composite 
materials, for the same aspect ratio of H/L = 0.035 (H = 0.5 mm and ρ* = 0.07). 
Damage initiated due to buckling. Damage mechanisms, such as buckling, fibre 
fracture, matrix cracking, delamination and debonding, were identified as dominant 
failure modes during the quasi-static and dynamic compression loading. However, in 
Figure 6.16, different modes of damage were observed in the metal system and the 
composite specimens. Damage in the metal system was due to an instability in the 
strut, followed by global buckling and then crumpling at the end of the compression 
loading. Plastic deformation occurred in the metal system, rather than fibre failure, 
as in the case for the composite material. This is due to the greater strain to failure of 
the metal, as previously discussed in Section 4.2, the strain to failure of the plain AL 
is approximately ten times greater than of the composite plain. Due to their lower 
strain to failure, the GFRP and CFRP corrugated-core specimens failed due to fibre 
fracture and matrix cracking (see Figures 6.15 (a-ii) and (b-ii)), after the instability 
of the struts.  
 
A closer examination of the both ends of the AL sandwich structure showed 
debonding between the strut and the lower skin. It is believed that due to initial 
fracture in the adhesive, the transverse load in the strut, pushed the strut sideways 
from the centre, and therefore debonding occured as the shear strength of the 
adhesive was unable to resist the load. In the low magnification optical micrograph, 
no debonding at the joints between the corrugated-core and the upper and lower was 
skins observed in either composite structures. However, some delamination was 
generated which propagated in the corner of the unit cell of the GFRP corrugated-
core. As mentioned previously, both composites have the same thickness, H, but the 
greater number of plies in GFRP specimen increase the possibility of delamination 
[5]. 
 
Similar failure mechanisms were observed in the corresponding semi-filled and 
fully-filled specimens, as shown in Figure 6.17. A careful examination of the filled 
specimens indicated that the foam was compressed and became thinner.  
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As already stated, the failure mechanisms in the metal and the composite at a 
velocity of 4.43 m/s were similar to the quasi-static damage mechanisms, as shown 
in Figure 6.18. Conversely, as the impactor mass ratio was higher, m* = 98, 
symmetrical and asymmetrical buckling modes in the metal were triggered, due to 
stabilising effect of inertia on buckling. Despite this inertia effect, a combination of 
the higher initial axial compression and bending loads in the strut suddenly changed 
the buckling sine wave, as well as increasing the maximum contact force in the 
sandwich structures.  
 
The failure modes in the corrugated-core specimens were further investigated by 
polishing and examining the specimens under an optical microscope. The subsequent 
development of damage with increasing aspect ratio (H/L) in the GFRP and CFRP 
corrugated-core specimens are summarised and presented in Tables 6.2 and 6.3, 
respectively.  
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Figure 6.15: Low magnification optical micrographs of polished sections of the corrugated-core sandwich structures at H/L = 0.035; (a) GFRP 
and (b) CFRP specimens. Fibre fracture, delamination and debonding are typical failure modes in quasi-static and dynamic loadings. 
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Figure 6.16: Post-damage photos of the AL corrugated-core sandwich structures for an aspect ratio of H/L = 0.035. 
 
 
 
 
 
Figure 6.17: Post-test photos of the composite sandwich structures for an aspect ratio of H/L = 0.035; (a) Semi-filled and (b) Fully-filled. 
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Figure 6.18: Photographs of impacted specimens beyond the threshold energy to initiate fracture, at velocity of 4.43 m/s; (a)   AL, (b) CFRP and 
(c) GFRP materials. 
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Table 6.2: Post-failure examinations of the GFRP corrugated-core structures for 
various aspect ratios (H/L). 
H/L Micrograph Observations 
 
 
 
 
 
0.013 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
0.022 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
0.030 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
0.054 
 
 
 
   
GF3U5 with an average H = 0.31mm, 
failure starts with buckling followed 
by hinges and fibre fracture, 
debonding at the end of test. 
 
GF4U5 with an average H = 0.43mm, 
failure starts with buckling followed 
by fibre fracture, debonding at the end 
of test. 
 
GF7U5 with an average H = 
0.71mm, failure starts with 
buckling followed by fibre 
fracture and delamination 
around the corner, and 
debonding at the end of test. 
 
1 mm 
 
0.5 mm 
 
1 mm 
 
1 mm 
 
0.5 mm 
 
0.5 mm 
 
0.5 mm 
 
1 mm 
 
GF2U5 with an average H = 0.19mm, 
failure starts with buckling followed 
by hinges and fibre fracture, 
debonding at the end of test. 
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0.069 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
In the GFRP corrugated-core for an aspect ratio H/L < 0.035, failure initiates with 
buckling followed by the formation hinges and fibre fracture, finally with debonding 
at the end of test. Further for aspect ratios H/L ≥ 0.035, initial failure is still 
dominated by buckling, however since the thicker composites contain more layers of 
fibres and a higher possibility of interfacial defect [5], delamination occurs before  
debonding at the end of the loading process. Here, delaminations are generated that 
propagate not only in the corner of the unit cell, but also in the inclined members of 
the core. The generation and propagation of the delaminations in the corner of the 
unit cell is due to a bending moment that causes high interlaminar stresses. 
 
Similar failure mechanisms were observed in the corresponding CFRP corrugated-
core. For aspect ratios H/L ≥ 0.073, delamination was observed and debonding 
occurred at end of the loading. A closer examination shows that delamination is 
more pronounced in the GFRP specimens than in the CFRP corrugated-core 
specimens.  
 
 
 
 
 
 
 
 
  
GF10U5 with an average H = 
0.98mm, failure mode is 
dominated by delamination 
damage in the corner of the 
unit cell. 
1 mm 
 
1 mm 
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Table 6.3: Post-failure examinations of the CFRP corrugated-core structures for 
different aspect ratios (H/L). 
H/L Micrograph Observations 
 
 
 
 
0.063 
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CF3U5 with an average H = 0.89 mm, failure starts with buckling followed by fibre 
fracture and debonding at the joints. 
 
CF4U5 with an average H=1.03mm, failure starts with buckling followed by 
delamination at the corners. 
CF5U5 with an 
average H=1.10mm, 
fibre delamination 
occurs in cell wall and 
debonding. 
 
CF6U5 with an average H=1.24mm, fibre delamination occurs in cell wall and debonding 
suddenly takes place. 
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6.9 Triangular Corrugated-cores and the Competing Core Structures 
Figure 6.19 summarises the values of the compression strength and the energy 
absorbed by all the AL, GFRP and CFRP corrugated-core sandwich panels. In 
general, it was found that the compression strength and energy absorption increases 
with increasing thickness of the struts, H. An examination of the figure highlights the 
impressive compression strength and energy absorption of the 6-ply CFRP specimen 
(CF6U5) with values in excess of 18 MPa and 35 J, respectively. It is believed that 
the extensive delamination in the composite plies has made a significant contribution 
to the energy-absorbing process in the laminate. Indeed, Abdullah [6] and Liu and 
Raju [7] reported that large amounts of delamination can result in a higher damage 
threshold energy in a composite. 
 
 
Figure 6.19: Values of compression strength and energy absorbed for all the tested 
corrugated-core sandwich structures.  
 
It is interesting to note that the aluminium corrugated-core, having the same 
geometry (H = 0.5 mm) as a corrugated-core composite, is capable of absorbing 
more energy and offers a higher compression strength. Here, the energy absorbed by 
the AL5 is three times greater than the GF5U5, and also 50% higher than CF2U5. 
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This supports the evidence from the work of Qin et al. [8] that the aluminium 
corrugated-core offers sufficient ductility to sustain loading, therefore increasing its 
energy absorption capability.  
 
In order to facilitate a comparison of the performance of the specimens, the specific 
properties of the core for the same geometry, ρ* = 0.07, are shown in Figure 6.20. A 
closer examination shows the specific strength of the AL5 was lower than that for 
both composites, i.e. the GF5U5 and CF2U5. Interestingly, the specific energy 
absorption of the CF2U5 corrugated-core is a slightly higher than the aluminium 
system, however the SEA of the GF5U5 corrugated-core is still lower by 
approximately 50% compared to the AL5. This suggests that the conventional 
corrugated composite core structures offer higher compression strength to weight 
ratios but lower energy absorption than the corrugated metal core.  
 
 
Figure 6.20: Comparison of the specific strength and specific energy absorption 
values of the corrugated-core sandwich structures for an aspect ratio of H/L = 0.035.  
 
 
0
1
2
3
4
5
6
7
8
0
10
20
30
40
50
60
70
80
A
L
5
G
F
5
U
5
G
F
P
U
S
G
F
P
U
F
C
F
2
U
5
C
F
P
U
S
C
F
P
U
F
S
E
A
 (
k
J
/k
g
) 
S
p
ec
if
ic
 S
tr
en
g
th
 (
k
N
.m
/k
g
) 
Corrugated-Core Sandwich Structures 
Specific Strength
Specific Energy Absorption
Chapter VI                                                                                                     Discussion 
243 
 
For the foam-filled core, it was found that the low density PU foam makes a 
significant contribution to the energy-absorbing process in the corrugated structures. 
For example, by comparing the semi-filled GFRP specimen (GFPUS) with the 
conventional GFRP corrugated-core specimen (GF5U5), it can be seen that the SEA 
of the GFPUS specimen is up to 58% greater than the GF5U5 specimen. It is worth 
noting that with semi-filled foam in the GFRP corrugation system, the SEA value is 
equivalent to the aluminium system, AL5. Furthermore, the fully-filled foam in the 
GFRP corrugated-core specimen (GFPUF) the SEA increased by approximately 70% 
compared to the AL5 specimen. Here, the CFPUF specimen offers the highest 
absorbed energy to weight ratio, whereas the AL system exhibits the lowest strength 
to density ratio. However this structure is good for absorbing energy. 
 
 
 
Figure 6.21: Comparison of the compression strength of the experimental data with 
commercially available sandwich core types for lightweight applications, as a 
function of equivalent core density.  
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sinusoidal corrugated-core from Metawell [9], Hexcel aluminium honeycomb [10], 
polymeric foams from Divinycell [11] and a metal foam. Clearly, the established 
aluminium honeycombs out-perform the remaining cores, including the corrugated-
core structures discussed herein. However, closer inspection suggests that the 
thickest CFRP corrugated-core should offer compressive properties that are 
comparable to those of the honeycomb systems. It is also interesting to note that the 
composite corrugated-cores out-perform the Metawell corrugated material as well as 
both the metal and polymeric foam cores. 
 
 
Figure 6.22: Collection of experimental data summarising the compression strength 
of current core types design developed by researchers in recent years, as a function 
of equivalent core density.  
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compressive properties of the triangular corrugated-cores exhibit a moderate 
performance, situated between the metal and composite regions. However, the 
triangular corrugated-core based on the woven CFRP material can compete with 
current sandwich core configurations. For example, for a density of approximately 
200 kg/m
3
, it can be seen that the CFRP triangular corrugated-core exhibits the 
highest design performance, behind the trapezium corrugated-core and the square 
honeycomb core. This indicates that a combination of core design and lightweight 
materials e.g. carbon fibre, can play an important role in determining structural 
performance. This suggests that the triangular corrugated-core could offer an 
impressive performance, if manufactured from a unidirectional carbon/epoxy 
composite.  
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6.10 Summary of Chapter VI 
Chapter VI discussed the experimental and numerical results for the aluminium alloy 
2024-O, the GFRP and CFRP corrugated-core materials. Firstly, varying the number 
of unit cells, the cell wall thickness and the specimen width has shown that the 
properties of the core material have a significant influence on the compression 
behaviour of the sandwich structure. It has been shown that the compression strength 
and modulus increases with increasing numbers of unit cells and cell wall thickness. 
In contrast, the compression strength and modulus was unaffected by increasing 
specimen width. The numerical results predicted by the model agree well with the 
experimental data. 
 
Secondly, the effect of foam filling inside the corrugated-core structures has been 
investigated. The findings show that the presence of the foam filler improves the 
specific strength as well as specific energy absorption characteristics of the structure.  
 
Next, the out-of-plane compressive properties under quasi-static and dynamic 
loading indicate that the dynamic strength enhancement increased significantly, and 
also the GFRP corrugated-core is more rate-sensitive than the other two materials. 
The damage mechanisms in evidence following both the quasi-static and dynamic 
events have been examined. 
 
The yield surface criteria for the corrugated–cores have then been constructed from 
the mixed-mode loading data. The failure response of the aluminium corrugated-core 
was accurately predicted by a quadratic failure criterion. In contrast, the composite 
corrugated-cores were accurately predicted using a modified failure criterion. 
 
Finally, the sandwich structures based on a triangular corrugated geometry evaluated 
in this study have been compared to commercially-available sandwich cores.  
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7.1 Introduction 
The aim of this research work was to manufacture and investigate the mechanical 
properties of triangular corrugated-core sandwich structures made from aluminium 
and composite materials. A range of quasi-static tests from out-of-plane compression 
to combined compression-shear loading have been conducted to understand the 
mechanical response, energy absorption and failure modes in the structures. An 
analytical model and a finite element model have been used to predict the strength 
and stiffness of the structures, either under quasi-static or low velocity compression 
loading. Based on the findings of this work, the following conclusions can be drawn. 
 
 
7.2 Conclusions of the Research Work 
 
i) To design and manufacture triangular corrugations and sandwich structures. 
 In the open literature, no investigations have been conducted on the 
mechanical properties of triangular corrugated-core made from composite 
materials. Novel lightweight structures based on corrugated-cores have been 
fabricated using a special mould that has been designed and fabricated with a 
corrugation angle of 45
o
.   
 The compression moulding technique has been used to manufacture 
composite corrugation specimens where the quality control procedures were 
put in place. The metal corrugations were folded to form a triangular shape. 
Note that the mould could only produce specimens up to one millimetre 
thickness or 10 plies of GFRP, above this, the apex in the corrugation became 
too rounded. 
 Sandwich structures were fabricated using an adhesive bonding technique, 
where an epoxy adhesive for the metal and composite systems was used to 
bond the skins and the core.   
 
ii) To investigate the mechanical performance of the corrugated-core sandwich 
structures subjected to static compression, bi-axial loading, and dynamic 
compression loading. 
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 The key mechanical properties under static compression, such as 
compression strength, stiffness and energy absorption characteristics have 
been recorded for each corrugated-core sandwich specimen. The structures 
have shown excellent repeatability in terms of their mechanical response. The 
mechanical response in compression increases with specimen thickness. 
 Bi-axial loading conditions, from pure shear to pure compression loading, 
(loading angles: 0
o
, 22.5
o
, 45
o
, 67.5
o
 and 90
o
) were investigated. Two pre-
calibration tests were conducted to eliminate the effect from the machine 
stiffness and the horizontal force due to the mounting configuration, leading 
to a high degree of confidence in the overall experimental results and good 
repeatability in their mechanical response. For the 0.5 mm wall thickness, the 
failure loads for CFRP specimen were three times higher than the AL and 
GFRP specimens at a loading angle of 45
o
. 
 The impact response at low energies and above the threshold energy to 
fracture the specimens was investigated, for selected specimens with a 
relative density of ρ* = 0.07. Virtually all of the impact energy was absorbed 
by the specimens. The dynamic strength enhancement factor for the GFRP 
specimens was approximately 50%, suggesting that the GFRP specimens are 
more rate-sensitive than the AL and CFRP specimens under low velocity 
impact loading. 
 
iii) To characterise the failure mechanisms in corrugated-core sandwich structures 
subjected to different loading conditions.   
 Under static compression loading, the strength of the strut was controlled by 
Euler buckling, or by compression failure. In the metal system, after initial 
buckling, plastic deformation progressively occurred in the system and 
crumpling was exhibited at the end of the loading regime. In contrast, the 
composite corrugated-core specimens failed due to fibre fracture and matrix 
cracking after the initial instability in the struts. Delamination was observed 
in those composites with greater numbers of plies.  
 Under bi-axial loading conditions, the strength was also controlled by Euler 
buckling, and for some case in CFRP specimens, the specimens failed in a 
three-dimensional buckling mode, leading to a reduction in failure load. 
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 No sign of damage was observed at low impact energies. For metal and 
composite systems, increasing the impact energy resulted in a change in 
buckling mode shape due to inertia stabilisation effects. 
 Debonding was observed at the end of most loading cases. 
 
iv) To model the mechanical response of corrugated-core sandwich structures using 
finite element techniques. 
 The deformation process in those structures with the five unit cell was 
accurately modelled in Abaqus finite element package. The FE response with 
an initial imperfection (AL : ξ = 0.01, GFRP and CFRP : ξ = 0.05) showed 
good agreement with the measured response. The mechanical properties were 
predicted with reasonable accuracy, with small discrepancies of 6.7% and 
5.7% for the static and impact loading cases, respectively.  
 
v) To study the effect of varying geometrical parameters (unit cell, thickness, 
width) and the properties of foam-filled structures.  
 Varying the number of unit cells, cell wall thickness and widths has a 
significant influence on the compression behaviour of the corrugated-core 
sandwich structures. The compression strength and stiffness relatively 
increases with increasing numbers of unit cell and cell wall thickness. 
However, the compression strength and stiffness was unaffected by 
increasing the specimen width. The specific strength of CFRP specimen was 
two times greater than the AL and GFRP specimens, at the same relative 
density of ρ* = 0.07. The numerical results predicted by the model agree well 
with the experimental data. 
 Filling the inside of the corrugated-core sandwich structures with foam 
significantly improved the specific strength as well as the specific energy 
absorption characteristics of the structures. The SEA for the GFRP and the 
CFRP fully-filled specimens improved by almost 160% and 105%, 
respectively. This improvement was due to the constraint effects between the 
foam and the corrugated-core members.  
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 The semi-filled foam structure offered a moderate specific strength and SEA 
values. The foam configuration increased the performance of the empty 
corrugated-structure, without sacrificing the air flow exchange characteristic.  
 
vi) To propose suitable failure criteria to predict the failure strength of corrugations 
under combined compression-shear loading.  
 From the bi-axial loading data, the failure strength in the aluminium 
corrugated-core was accurately predicted by a two dimensional quadratic 
failure criterion equation. In contrast, due to the initation of delamination 
within the composite struts, an additional component in the failure criterion 
was required to accurately capture the response of the composite systems.  
 
vii)  The triangular corrugated-core based on the woven CFRP material can compete 
with current sandwich core configurations. The CFRP triangular corrugated-core 
exhibited the best design performance behind the trapezium corrugated-core and 
the square honeycomb core. This indicates that a combination of the correct core 
design and appropriate lightweight materials can play an important role in 
determining the overall structural performance.  
 
viii) Finally, it is believed that this study filled the gap between various aspect of 
research on cellular core materials, design and manufacture, mechanical 
properties as well as failure modes in the composite corrugated-core sandwich 
structures.  
 
 
7.3 Recommendations for Future Work  
It has been shown that the performance of triangular corrugated-core sandwich 
structures compares well with other cellular cores. Here, some recommendations for 
future work are given: 
 
 Fibre metal laminates (FML) are increasingly being used in an aerospace 
industry. It would be interesting to study the mechanical properties of novel 
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FML corrugated-core, as the FML system are known to be blast resistant 
structures.  
 Further testing should be carried out to fully characterise the behaviour of 
corrugation structures under tensile, bending and torsion loading conditions.  
 The corrugated-core should be optimised to achieve the ideal ratio of weight 
and mechanical properties. The use of other materials, such as unidirectional 
carbon fibre, fibre metal laminates or 3D woven textiles (weft tow, warp tow 
and z-yarn), should be investigated. 
 The FE simulation work that has been presented in this study has assumed 
perfect bonding between skins and core. Even though good results were 
obtained, using a cohesive element to represent the adhesive layer could give 
better results and simulate debonding between the skins and the core. 
 Further study should be taken in the buckling resistance of the corrugated-
core sandwich structure with higher density foam cores in order to increase 
compression strength of the struts.  
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Appendix A 
 
Technical Drawing: Corrugation Moulds 
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Appendix B 
 
A FORTRAN program for Compliance Correction Procedure 
 
      PROGRAM COMPLIANCE TEST 
      REAL M,C,X(5000),DF(5000),S(5000),N,Y(5000) 
      INTEGER TD 
C     GRAPH EQUATION; Y=MX + C 
C     WHERE M=SLOPE AND C=INTERCEPTION OF GRAPH 
      PRINT*, 'VALUES OF SLOPE AND INTERCEPTION ON THE GRAPH' 
      READ*,M,C 
      PRINT*, 'NUMBER OF DATA' 
      READ*, TD 
C     OPEN THE DATA FILE 
      OPEN(1,FILE='CF45.dat', STATUS='OLD') 
      OPEN (2, FILE='XCF45.dat', STATUS='OLD') 
      WRITE(*,100) 
      WRITE(2,100) 
C     LOOP TO CALCULATE THE DATA 
      DO 10 L=1,TD 
        IF(L.EQ.1)READ(1,*) 
          READ(1,*)N,X(L),Y(L) 
          S(L) = (Y(L)-C)/M 
          DF(L)=X(L)-S(L) 
          WRITE(*,102) L, DF(L), Y(L) 
   WRITE(2,102) L, DF(L), Y(L) 
10    CONTINUE 
100   FORMAT(6x,'No.',5x,'Displacement (mm)',4x,'Force (kN)') 
102   FORMAT(2x,I7,8x,F12.8,8x,F12.8) 
      CLOSE (UNIT=1) 
      END FILE(UNIT=2) 
      CLOSE (UNIT=2) 
      STOP 
      END 
 
